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ABSTRACT

The electronic piezocone penetrom eter is potentially a very powerful in-situ
testing device used for soil profiling and in the determ ination o f engineering soil
properties. The focus o f this research is on the laboratory calibration o f a miniature
piezocone penetrom eter in cohesive soil specim ens instrum ented to m onitor the
spatial pore pressure distribution.
Tw o automated slurry consolidom eters were developed for this research that
were successful in preparing hom ogeneous and reproducible cohesive soil
specimens. The results o f eight m iniature piezocone penetration tests (PCPT) and
three miniature quasi-static friction cone penetration tests (QCPT) perform ed in a
flexible double wall calibration cham ber system are presented. The influence of
soil type, stress history, penetration boundary conditions and filter locations on
PCPT data are investigated.
The PCPT results are evaluated using some o f the existing methods to
estimate the undrained shear strength, su; lateral stress coefficient, K0; over
consolidation ratio, OCR; and the radial coefficient of consolidation, cr. The
influence o f lateral stress and soil type on the em pirical cone factor and the pore
pressure factor used to estimate su are investigated. The influence o f lateral stress
on penetration pore pressures is investigated and the validity o f a recent m ethod for
K0-profiling is verified. The OCR and the K 0 are found to influence the penetra
tion depth required to attain a steady excess pore pressure value. An existing

xxii
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model to predict OCR from PCPT data is m odified to include the influence of K0.
The m ethod is used to evaluate the O C R s o f the cham ber specim ens and its validity
is further verified by application to well docum ented field sites. The need to base
the interpretation o f cr on the initial dissipation values o f the excess pore pressure
instead o f the penetration pore pressure and also the need to include the influence
o f stress history on the proposed time factors are realized. The importance of the
rate o f penetration and the pore pressure dissipation that occurs even during
piezocone penetration while interpreting dissipation data cn the piezocone shaft is
recognized.

xxiii
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Chapter 1
INTRODUCTION

The use o f the electronic piezocone as a potential in-situ testing device to
evaluate engineering soil param eters is gaining wide importance. M easurem ents o f
the pore water pressures generated w hile advancing a probe into the ground, and
their subsequent dissipation w ere first m ade in the early 1970’s (W issa, et al., 1975;
Torstensson, 1975). N c sim ultaneous m easurem ents o f cone resistance and sleeve
friction were feasible at that tim e. In 1969-73, the Norwegian Institute o f
Technology used a piezom etric probe w hich could m easure only the pore pressures;
it was necessary to carry out separate cone penetration tests (CPT) in order to
combine the m easurem ents o f pore pressure and cone resistance (Janbu and
Senneset, 1974). Subsequent developm ents in transducer technology during the
early 1970’s involved the incorporation o f piezom etric elem ents to the standard
electric cone penetrometers which m ade possible sim ultaneous m easurem ents o f
pore pressures, cone resistance, and sleeve friction (Tumay, et al., 1981; Baligh, et
al., 1981; Campanella and Robertson, 1981; de Ruiter, 1982; Zuidberg, et al., 1982;
Smits, 1982; Juran and Tum ay, 1989).
Interpretation o f piezocone penetration test (PCPT) data is often com plex as
it is influenced by a num ber o f variables related to design o f the cone, testing
procedure and soil characteristics. No standards have been accepted so far
regarding the pore pressure elem ent size and location, which has a significant effect

1
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on the m agnitude o f the m easured pore pressures. The existence o f a large pore
pressure gradient around the tip especially in overconsolidated stiff clays has been
pointed out by a num ber o f investigators (Tumay, et al., 1982; C am panella, et al.,
1986; Jam iolkow ski, et al., 1985; L unne, e t al., 1986; Baligh, e t al., 1981; Sully, et
al., 1988). The m echanical design o f the cone, filter com pression effects, and
saturation o f the piezocone are other factors which affect the pore pressure response
and its accuracy (Tumay, et al., 1981; Cam panella and Robertson, 1981; Smits,
1982; Battaglio, e t al., 1981, 1986; Lacasse and Lunne, 1982). The rate o f
penetration has influence on the drainage response during penetration. A m ong the
soil characteristics which influence the m easured data are the soil variability, stress
history, sensitivity, stiffness and void ratio, compressibility, Assuring and
cementing, etc. M any interpretation procedures based on theoretical, semitheoretical and em pirical approaches have been proposed to evaluate various
engineering soil param eters. H ow ever, to validate any approach, it is very essential
to perform accurately controlled field and laboratory tests. Field calibration tests
have num erous lim itations and disadvantages due to soil inhom ogeneities and
uncertainties regarding the m agnitude o f in-situ stresses and stress history o f the
deposit. It is extrem ely difficult and nearly im possible to obtain truly undisturbed
samples from the field for determ ining reference soil param eters. M oreover, the
influence o f any particular param eter (stress history, stiffness, void ratio,
compressibility, soil fabric, anisotropy, etc.) cannot be studied by varying it
independently in the field. Laboratory calibration tests have definite advantages
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since homogeneous, reproducible and instrum ented soil specim ens, subjected to a
known stress history can be prepared and tested under controlled boundary
conditions. Various parametric studies can also be conducted.
Laboratory calibration cham ber tests for calibrating cone penetrometers,
pressuremeters and dilatom eters in cohesionless soil specim ens have been conducted
by a number of investigators (Holden, 1971; Schm ertm ann, 1978; Rad and Tumay,
1986; Houlsby and Hitchman, 1988; Jam iolkow ski, 1990; Parkin and Lunne, 1982;
Sweeney and Clough, 1990; Bellotti, e t al., 1982; Tum ay and de Lim a, 1992).
However, their applications to com pacted or preconsolidated cohesive soils have
been very few (Huang, 1986; H uang, et al., 1988; Bunting, 1990; M cM anus and
Kulhawy, 1991; Anderson, et al., 1991; de Lim a and Tum ay, 1991; Voyiadjis, et
al., 1991; Kurup, et al., 1993; V oyiadjis, et al., 1993). This is essentially due to the
extremely time consuming and laborious process involved in the preparation o f
large cohesive soil specimens in addition to other com plexities involving instrum en
tation for pore pressure m onitoring and the need for m aintaining saturation by back
pressure.
This research presents results o f eight m iniature piezocone penetration tests
and three miniature quasi static cone penetration tests on large instrum ented
cohesive soil specimens in a calibration cham ber system. Cohesive soil specimens
o f very high quality were prepared by a two-stage slurry consolidation technique.
The time consuming and laborious sam ple preparation technique lim ited the num ber
o f tests that were conducted. The design features o f the autom ated slurry
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consolidom eter system (developed by the author), calibration cham ber system , and
the penetrometers are described. Factors such as soil type (plasticity index), stress
history, penetration boundary conditions and filter locations were considered.
Interpretation o f the results using some o f the existing methods are presented. The
undrained shear strength, influence o f lateral stress and overconsolidation ratio on
the penetration pore pressures, and the coefficient o f consolidation were studied.
Limitations o f the current interpretation models and the need to incorporate factors
not included in the previous were identified.
The current data base o f laboratory PCPT data in clay calibration cham bers
is very lim ited. The results reported in this dissertation represent the very lim ited
data base of laboratory calibration tests in cohesive specimens at this juncture.
These tests are expected to initiate further research in this area and help build a
comprehensive experim ental data base to help resolve the complexities involved in
this potentially prom ising in-situ testing technique.

1.1 Objectives of the Research
The objectives o f this research were to:
(1)

Design an experim ental set up to prepare large cohesive soil
specim ens o f known stress histories and o f uniform, reproducible
quality for calibration cham ber testing.

(2)

M odify and adapt the exiting calibration cham ber and data
acquisition system to conduct piezocone penetration tests on
instrum ented cohesive soil specimens.
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(3)

Study the influence o f soil type (plasticity index), stress history,
lateral stress, penetration boundary conditions and filter locations on
the m easured PCPT data.

(4)

Evaluate the PCPT data using som e o f the existing m ethods, to study
their limitations and suggest m ethods fo r better interpretation o f
results.

(5)

Try to find any new m ethod/data not used in routine field PC PT, but
which m ay be o f potential significance in a better understanding o f
soil behavior.

(6)

Study the factors affecting the laboratory calibration o f piezocone
penetrometers and to m ake recom m endations and changes in the
equipm ent and testing procedure.

1.2 Methodology
In order to successfully achieve the objectives o f the research, two auto
mated slurry consolidometers were designed by the author and fabricated to prepare
large instrumented cohesive soil specim ens for calibration cham ber testing. A new
loading system was designed for the slurry consolidation technique used in pre
paring the soil specimens. Data was recorded during the slurry consolidation phase.
M odifications were made by the author to the existing calibration cham ber system
to adapt it for the testing of cohesive soil specim ens. A backpressure system was
included to ensure saturation o f the specimens. A data acquisition/control software
was developed in Pascal for piezocone penetration testing in soil specimen instru
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mented to m onitor the spatial pore pressure distribution. This allow ed the acquisi
tion o f data and append it into a file and also display it on a com puter screen in
graphic form plotted in real time. The design and description o f the testing equip
ment is given in Chapter 3.
The time consuming and laborious specimen preparation technique lim ited
the num ber o f tests that were conducted. Four cohesive soil specim ens were pre
pared and eight miniature piezocone penetration tests and three m iniature quasi
static cone penetration tests were perform ed. The influence o f soil type, stress
history, lateral stress, penetration boundary conditions and filter locations were
studied. Negative pore pressures w ere recorded during piezocone extraction, after
the penetration and dissipation tests. It is anticipated that this data can be very
useful in borehole closure (collapse) analysis. The experim ental procedure and the
test results are given in Chapter 4.
The chamber PCPT data was evaluated using some o f the existing interpre
tation models. The undrained shear strength, the influence o f lateral stress and
overconsolidation ratio on the cone resistance and penetration pore pressures and
the coefficient o f consolidation were studied. Com parisons o f the different
methods, their limitations and recom m endations for better interpretation procedures
are given in Chapter 5.
Several factors (experim ental and analytical) affect the laboratory calibration
of piezocone penetrometers. Recom m endations for changes in the testing
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equipment, test procedure, and the analytical interpretation m ethods are m ade in
Chapter 6.
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Chapter 2

LITERATURE REVIEW
2.1

Piezocone Penetration Test (PCPT)
The PC PT essentially consists o f pushing into the soil at a continuous steady

rate (usually 2 cm/sec) a series o f push rods with an instrum ented device known as
the piezocone penetrom eter attached to the lower end. The penetrom eter has an
electronic load cell to m easure the tip load (to determ ine the cone resistance) and
one or m ore pore pressure assem blies consisting o f a porous elem ent and a pressure
transducer capable of m easuring pore w ater pressures in the soil during penetration.
Depending on the design o f the penetrom eter, it m ay also be equipped with a load
cell to m easure the local sleeve friction. Several factors such as the soil type,
penetrom eter design and testing procedure influence the m easured parameters.

2.1.1

Piezocone Penetrometer Design
Since its advent in the early 1970’s, significant developm ents have been

made regarding the design o f the piezocone. Figure 2.1 shows various piezocone
designs with different tip geometry, size, and pore pressure elem ent locations.
Standards have been developed by the ISSM FE (1977, 1989) and ASTM (1979)
regarding the cone geometry (size and shape) known as the reference cone
(Figure 2.2). However, so far, no standards have been agreed upon regarding the
size and location o f the pore pressure element.

8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

I
I

1
I
n

n>
i>

3>
3>

I>
X>
IP
j>

J>
I

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 2.1

I

Piezocone designs with various pore pressure filter element location (Campanella and Robertson, 1988).
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Figure 2.2 Reference cone (ISSM FE, 1977, 1989).
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The reference cone has an apex angle of 60° and a cross-sectional area (base
area) of 10 cm2. According to the ISSM FE (1977, 1989), the recom m ended filter
location (reference location) should be on the cylindrical part, within a distance of
15 mm from the conical edge. H ow ever, piezocones with filter elem ents located at
the tip (at the very tip or at som e point on the cone face) and sometimes located
above the friction sleeve are frequently used. It is the general opinion that no
single location can provide solutions for determ ining all the soil param eters.
Therefore, no standards have been actually agreed upon.
The location o f the pore pressure elem ent has a significant influence on the
magnitude o f the m easured pore pressure. The soil below the tip o f the conical part
is subjected to predom inantly octahedral norm al stress and the m easured pore
pressure is very high. For soil along the conical face, both octahedral norm al and
shear stresses dom inate and the m agnitude o f the m easured pore pressure will
depend on the overconsolidation ratio o f the soil. For norm ally consolidated clays,
the magnitude of the pore pressure m ay be the highest in this region. Soil
immediately above the cone base will experience a normal stress relief and along
the cylindrical part, shear stresses dom inate. Soft, norm ally consolidated cohesive
soils develop positive excess pore pressure when subjected to shear (because o f
their contractive nature), whereas stiff, heavily overconsolidated clays develop
negative excess pore pressure (or sm all positive pore pressure) when subjected to
shear (due to their dilating tendency). H ence, the m agnitude o f the m easured
excess pore pressure above the cone base will be greatly influenced by the
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overconsolidation ratio. Negative excess pore pressures are often recorded just
above the cone base w hile penetrating stiff overconsolidated clays. The existence
o f a large pore pressure gradient around the tip (Figure 2.3a and 2.3b) especially in
overconsolidated stiff clays has bene pointed out by a num ber o f investigators
(Baligh and Levadoux, 1980; Tum ay, et al., 1982; Cam panella, et al.,1986;
Jam iolkowski, et al., 1985; Lunne, et al., 1986; Robertson, et al., 1986; Sully, et al.,
1988). The filter size m ay also have an effect on the m agnitude o f the recorded
pore pressure (Figure 2.4).
The m echanical design o f the cone and the filter com pression effects also
affect the pore pressure response and its accuracy (Battaglio, et al., 1986). The
mechanical design o f the piezocone should be such that the tip stress should not be
transferred to the porous elem ent and the saturating fluid. This coupling
phenomena depends on the location o f the filter elem ent and the m aterial used for
the filter element. Pore pressure elem ents located at the tip are m ore susceptible to
this effect. Flexible filters (polypropylene and porous plastic) are m ore prone to
filter elem ent squeeze and consequently inaccurate in the m easured pore pressure.
The problem o f filter squeeze is high when testing in stiff heavily overconsolidated
clays (because o f higher cone resistance) than while testing in soft soils.
Another factor to be considered in the design o f the piezocone is the
frequency response (i.e., the response tim e) of the pore pressure element. In order
to have a fast pore pressure response (high frequency response), the requirem ents
are (Smits, 1982) low com pressibility and viscosity o f the saturating fluid, small
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fluid cavity, high porous filter perm eability, and large area to wall thickness ratio o f
the filter. H ow ever, a high perm eability o f the porous filter elem ent and low
viscosity o f the saturating fluid are factors unfavorable for the essential requirem ent
o f maintaining saturation o f the porous element. A comprom ise is therefore
required between a high porous filter perm eability for a high frequency response
and a low perm eability for m aintaining saturation. Some o f the m aterials that have
been used for the porous elem ent are sintered stainless steel, sintered bronze,
ceramic, carborundum , cem ented quartz sand, stone, teflon, and polypropylene.

2.1.2 Test Procedure
Among the test procedures that m ay influence the m easured data are the rate
o f penetration and saturation. The standard rate of penetration for PC PT is
2 cm/sec. At higher rates o f penetration, the cone resistance m ay increase due to
the viscous and dynam ic effects. T he cone resistance tends to decrease fo r
penetration rates less than 2 cm/sec. The influence o f penetration rate on cone
resistance is shown in Figure 2.5 (Acar, 1981). In the field, penetration is usually
performed in strokes o f one m eter because push rods are generally one m eter long.
This causes pauses in the penetration process during which any excess pore pres
sure begin to dissipate. The amount o f dissipation depends on the perm eability and
compressibility o f the soil. To overcom e this problem , several pushing system s
have been designed to provide continuous penetration without pauses.
The rate o f penetration has also an influence on the generated pore
pressures. In coarse grained m aterial, penetration takes place under drained
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conditions. In fine grained soils (clays and clayey silts), penetration (at the
standard rate o f 2 cm /sec) takes place under predom inantly undrained conditions.
In fine sands and silty sands, partially drained conditions m ay exist during
penetration at 2 cm /sec. H ow ever, the rate o f penetration m ay be increased or
decreased to produce undrained or drained conditions. The influence o f the
penetration rate on the excess pore pressures is shown in Figure 2.6.
The m easured cone resistance

should be corrected for pore pressure

acting in the groove behind the cone tip (Baligh, et al., 1981; C am panella, et al.,
1982; Tum ay and Acar, 1985). The corrected cone resistance qT (Figure 2.7) is
given by:
Qt = qc +

ub

(2-1)

where
^

_
Ac

area o f groove
projected area o f cone

^ 2)

and ub = pore pressure at the base (groove) o f the cone. B ecause o f the unequal
end areas of the friction sleeve, a sim ilar correction m ay be m ade for the m easured
sleeve friction, fs. The corrected sleeve friction, fT, is given by:

f

_ f

*T -

. Ush ^ s h " u b

s

-------------t --------------

V ' 5)

s

where ush = pore pressure acting at the top and end o f the friction sleeve, Ash = top
end area of the friction sleeve, Ab = low er end area o f the friction sleeve, and As =
surface area of the friction sleeve.
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Figure 2.6 Influence o f penetration rate on m easured pore pressures
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Figure 2.7 Correction of PCPT m easurem ents for unequal end area effects.
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The requirem ent for com plete saturation o f the piezocone is very im portant
during a PCPT. Incom plete saturation can lead to inaccurate and sluggish pore
pressure response. Errors m ay occur in both the maximum values o f the excess
pore pressure and the dissipation tim e for a badly saturated piezocone. The
influence o f improper saturation on the dissipation profile (Campanella, et al., 1981)
is shown in Figure 2.8. Current practice is to saturate he filter elem ents under
vacuum keeping it subm erged in the saturating fluid. The com m only used
saturating fluids are water, silicon oil, or glycerine. The cavity in the cone is
deaired by flushing with the saturating fluid using a hypodermic needle. T he cone
and filter elements are then assem bled while submerged in the saturating fluid. A
plastic container or rubber sleeve filled with the saturating fluid is wrapped around
the cone to keep it saturated. Som etim es a hole is predrilled down to the w ater
table (for a shallow depth) using a dum m y cone. This is especially done when
penetrating unsaturated clays which have high soil suction. This is also required to
avoid cavitation due to negative pore pressures above the cone base when pene
trating saturated sand at shallow depths.

2.2 Calibration Chamber Testing
2.2.1

Purpose
Calibration cham ber tests are perform ed to calibrate in-situ testing devices

such as cone penetrom eter (including the piezocone), dilatom eters, pressurem eters,
piezovane shearing devices, etc., and also to conduct tests on m odel foundations
and ground anchors. Laboratory calibration chamber tests have several advantages
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over in-situ calibration tests. Field calibration tests have num erous lim itations and
disadvantages because o f soil inhom ogeneity and uncertainties regarding the m agni
tude of in-situ stresses and stress history o f the deposit. It is extrem ely difficult
and nearly impossible to obtain truly undisturbed samples from the field for
determ ining reference soil parameters. M oreover, the influence o f any particular
param eter (stress history, stiffness, void ratio, com pressibility, soil fabric, and
anisotropy) cannot be studied by varying it independently in the field. Laboratory
calibration tests have definite advantages since hom ogeneous, reproducible and
instrumented soil specimens, subjected to a known stress history can be prepared
and tested under controlled boundary conditions. Various param etric studies can
also be conducted.
Rigid-wall test pits that impose a boundary condition o f zero lateral strain
have been used in the past by M elzer (1968) and Tcheng (1966). Rigid-wall
calibration chambers have serious disadvantages. It is not possible to control lateral
stresses. It was also pointed out by Holden in 1971 that very large specim ens with
a diameter ratio (calibration cham ber diam eter/cone diam eter) o f 200 w ould be
required to m inimize influence o f rigid boundary effects on the test results. It was
concluded (Holden, 1971) that a sm aller flexible-w all calibration cham ber could
simulate stresses (and strains) sim ilar to those approaching field conditions.

2.2.2 Flexible Wall Calibration Chambers
The first flexible-wall calibration cham ber was designed and fabricated at
the Country Roads Board, Australia (Holden, 1971). It was designed to test

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

24

specim ens 0.76 m in diam eter and 0.91 m in height. The cham ber h ad a double
wall cylinder. By m aintaining the pressure in the outer cell (space betw een the
inner cylinder and the outer cylinder) equal to that in the inner cell (space between
the inner cell and the specim en), the inner wall becomes rigid and the condition o f
zero lateral strain (K0 condition) is simulated. The CRB cham ber was able to
simulate com binations o f zero average strain or constant pressure (both vertical and
lateral). V ertical stress was applied to the specimen by a pressurized cushion acting
below a base plate o f the same diam eter as the specimen. The reaction acting on
the rigid top plate was provided by a loading fram e anchored to a strong concrete
floor. Specim ens were prepared using a sand spreader, by raining sand from a
m otorized hopper m oving back and forth above the chamber. W hile conducting
calibration studies using the 50 mm diam eter (3 in2) CRB electrical friction-cone
penetrometer, it was discovered that a larger size cham ber was necessary to
accurately calibrate the penetrom eter, especially in dense sand. K eeping this in
view, H olden (1971) designed a large calibration cham ber at the U niversity o f
Florida, U.S.A. This cham ber know n as the "Skippy" calibration cham ber
(Figure 2.9) was able to house specim ens 1.22 m in diam eter and 1.22 m in height.
The Skippy cham ber was able to test backpressure saturated soil specim ens. Soil
specimens were prepared using a laterally m oving sand spreader. A larger cham ber
(Figure 2.10) housing specim ens, 1.2 m in diam eter and 1.8 m high w as built at
M onash U niversity, Clayton, Australia (Chapman, 1974). The larger specim en
height enabled to attain a plateau in the sleeve friction resistance w hen testing the
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10 cm2 Fugro model A penetrom eter. It was also possible to conduct stage testing
o f the penetrom eter and enabled m ore data to be collected from each sample. It
also included the automatic recording o f all pressures as well as the vertical m ove
ment o f the piston using a displacem ent transducer. The NG I cham ber designed
and built at the Norwegian G eotechnical Institute can house specim ens 1.22 m in
diam eter and 1.5 m high. Specim ens w ere prepared using a stationary pluviator.
This new technique which allowed sand jets to fall freely through two diffusers
m aintained at a small height above the sand surface, was able to prepare uniform,
repeatable high quality sand specim ens T he CRIS calibration cham ber
(Figure 2.11), designed by the Italian Electricity Board (ENEL, 1975) in
cooperation with Professor J. H. Schm ertm ann and J. C. Holden, can test specim ens
1.22 m in diam eter and 1.5 m high. T he im provem ents included a self-reacting
chamber which eliminate the need fo r connecting the top plate to a strong floor,
advanced methods for saturating the specim ens (Bellotti, et al., 1982), advanced
instrumentation and control circuits.
Since the 1970’s, several calibration cham bers have been designed and
fabricated. The chamber at North C arolina State U niversity is m ade o f fiberglass.
It uses inductance coils (Seligh, 1975) to m easure displacem ents. T he cham ber is
capable o f accommodating specimens 37 inches in diam eter and 37 inches high.
The calibration chamber at the U niversity o f H ouston, Texas, uses toroidal bladders
to apply radial stress to the soil specim en. It is possible to apply variable lateral
pressure along the length of the specim en because each bladder can be pressurized
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independently. The cham ber is capable o f testing specim ens 0.8 m in diam eter and
2.6 m high.
The calibrating chambers m entioned above have been prim arily used for
calibrating in-situ devices in cohesionless soil specim ens. The application o f
calibration chambers to com pacted o r preconsolidated cohesive soils have been very
few (Huang, 1986; Bunting, 1990; de L im a and Tum ay, 1991; M cM anus and
Kulhawy, 1991; Anderson, et al., 1991; V oyiadjis, et al., 1991, 1993; Kurup, et al.,
1993). This is essentially due to the tim e consum ing and laborious process
involved in the preparation o f large cohesive soil specim ens. T he com plexities
involved in the instrumentation for m onitoring o f pore pressures and m aintaining
saturation (by backpressure) add to the difficulty o f conducting tests in cohesive
soil specimens.
The first calibration cham ber to test cohesive soils was developed at Purdue
University to calibrate a m iniature pressurem eter (Huang, 1986). T he cham ber can
house only small samples 0.203 m in diam eter and 0.337 m high. The University
o f Clarkson calibration cham ber can test cohesive soil specim ens 0.525 m in
diam eter and 0.812 m high. The cham ber has been used to test dilatom eters and
piezovane shear devices. Large size deposits of cohesive soil (1.4 m in diam eter
and 2.1 m high) have been prepared at Cornell U niversity for testing m odel drilled
shaft foundations (McManus and Kulhaw y, 1991). A clay calibration cham ber
(single walled) was developed at the U niversity o f Sheffield, U.K . (Anderson, et al.,
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1991) to test self-boring pressurem eters. The m ain lim itation o f this cham ber is
that it cannot simulate K0 conditions (i.e., zero lateral strain) during the test.
The Louisiana State U niversity Calibration C ham ber System (LSU/
CALCHAS) designed by Tum ay and de Lim a (1992) consists o f a double-w alled
flexible calibration chamber, a panel o f controls, a data acquisition/control system , a
hydraulics and chucking system, a penetration depth m easurem ent system , the cone
penetrometers, and the specimen preparation equipm ent. The operation o f the
LSU/CALCHAS is servo-controlled. The LSU/CALCHAS can house soil speci
mens 525 mm in diam eter and 815 mm high. The LSU /C A LC H A S was initially
designed to test com pacted samples (de Lim a, 1990) and was able to sim ulate K0
consolidation and the four traditional penetration boundary conditions com m only
referred to in literature as:
BC1: Constant vertical stress and constant lateral stress
BC2: Zero vertical strain and zero lateral strain
BC3: Constant vertical stress and zero lateral

strain

BC4: Zero vertical strain and constant lateral

stress

Two slurry consolidometers were designed (Kurup, et al., 1993) to prepare cohesive
soil specimens by the slurry consolidation technique. M odifications and additions
were made to the CALCHAS to adapt it for the testing o f clay specim ens. A
backpressure system was included to ensure saturation o f the specim ens. A data
acquisition/control software was written in pascal for
in soil

piezocone penetration testing

specimen instrum ented to m onitor spatial pore pressure distribution. W ith
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these enhancements, it was possible to consolidate and test soil specim ens at a
variety of stress paths. The LSU /C A LC H A S has also been used to test pluviated
and cem ented sand specimens. M ore details regarding the design o f the slurry
consolidometer and the calibration cham ber is given in C hapter 3.

2.2.3 Chamber Size and Boundary Condition Effects
The influence o f cham ber size and boundary conditions on the m easured
data has been studied in the past by a num ber o f investigators (Holden, 1971;
Parkin and Lunne, 1982;Parkin, 1988; Jam iolkow ski, et al., 1985; Bellotti, 1985;
Schnaid and Houlsby, 1991). Parkin and Lunne (1982) state that the boundary
condition during a CPT in the field will lie between B1 (constant vertical and
lateral stresses) and B3 (constant vertical stress and zero lateral strain). They
conducted about fifty tests using tw o different penetrom eter sizes in tw o different
calibration chambers. T he results are shown in Figure 2.12. They concluded that
for dense normally consolidated specim ens, the influence o f cham ber size will be
minimal for large diam eter ratios (> 50) when the B1 and B3 results converge and
attain a plateau. For the overconsolidated specim en, a plateau was not achieved,
even though the results were independent o f the boundary condition (B1 o r B3) for
all diam eter ratios. F or the loose sand, cham ber size or boundary condition effects
were not apparent. Thus, the cham ber size effects are m ore pronounced for a dense
specimen than for a loose specimen.
The cone resistance, c^, was higher for the B3 boundary condition than the
B 1 condition for sm aller values o f diam eter ratio. This is because the horizontal
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stress, CTh, for the B3 boundary condition increases during cone penetration causing
the cone resistance to increase. The influence o f the base boundary effects on the
values at the middle o f the specim en is small. H ow ever, the qc values close to
the top and near the bottom o f the specim en m ay be affected depending upon the
rigidity o f the base plates. The zero strain rigid base m ay yield higher qc values
than in-situ, and the constant stress (flexible) boundary m ay give low er

values

than in-situ (Been, et al., 1987).
The influence o f cham ber size has been investigated by Schnaid and
A

Houlsby (1991) using three cone pressurem eters o f cross-sectional areas 15 cm ,
10 cm2, and 5 cm 2 (corresponding to cham ber-to-probe diam eter ratios o f 38, 27,
and 22, respectively. The tests were conducted only using stress controlled
boundary conditions. Sand specimens at three different relative densities (loose 30%, medium - 65%, and dense - 90% ) w ere investigated. Their results are shown
in Figure 2.13. For the dense and m edium sand, an increase in the norm alized limit
pressure \jr with an increase of the diam eter ratio was observed. F or the loose sand,
there was no significant influence o f the cham ber size. A sim ilar increase in the
normalized cone resistance with an increase in the diam eter ratio was observed.
They also concluded that the ratio (q^. - o h)/(\|t - c h) was not significantly affected
by the diam eter ratios in the range o f 22 to 38.
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Chapter 3

DESCRIPTION OF THE TESTING EQUIPMENT

3.1 Slurry Consolidometer
The slurry consolidom eter (Figure 3.1) consists o f two PV C tubes, 525 mm
inside diam eter, 15 mm thick, and 812 m m high. T he low er tube is split
longitudinally into two halves which are held together by a m etal fram e. This
feature elim inates the need for any extrusion and m inim izes disturbance o f the soil
specim en while transferring it into the calibration cham ber. The upper tube serves
as an additional storage com partm ent for the high w ater content slurry during the
initial stage o f consolidation. A t the end o f the slurry consolidation, the specimen
is confined in a 1.59 mm thick rubber m em brane in the low er tube. The inside
surface o f the lower tube is lined with sand paper to provide friction and prevent
slippage of the m em brane which m ay otherwise be caused by the consolidating
slurry. The ends o f the two PV C tubes are lined with rubber gaskets for a water
tight fit and to prevent damage to the m em brane. T he upper tube o f the
consolidom eter is bolted to the lower one using six steel rods connecting an
aluminum top lid to the bottom base fram e. This assem bly acts as a reaction fram e
for the loading system. The base fram e is m ounted on four rollers so that the
consolidom eter with the specimen can be m oved easily. The consolidom eter is
designed to consolidate specimen up to a m axim um vertical stress o f 552 kPa.

35
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Figure 3.1 Slurry consolidometer.
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3.1.1

Pore Pressure Ducts
The base plate at the bottom o f the consolidom eter is m ade o f alum inum

25 mm thick and 525 mm in diam eter. The base plate is provided with holes for
drainage/back pressure and for pore pressure m easurem ents. Eight pore pressure
access ducts connected to individual pressure transducers extend through the base
plate into the specimen (Figures 3.2 and 3.3). The tip o f the ducts were located at
varying radial distances and at tw o different elevations, above the base plate. The
pore pressure ducts consisted o f stainless steel hypoderm ic needles (tubes) 1.2 mm
inside diam eter and 0.23 mm thick. The tips o f the tubes w ere sealed with porous
plastic filter m aterial to prevent soil m igration and clogging o f the tubes. The
lower end o f the tubes were connected to stainless steel adapters and pore pressure
ports. The ducts were saturated by flushing with deaired w ater, using a special
CPV 1000 closed circuit pump. Flushing o f the ducts and assem bling the pressure
transducers was carried out submerged in a tub o f deaired water. To ensure and
check saturation, the tips o f the ducts w ere im m ersed in deaired w ater and
subjected to vacuum in the N old DeAerator. This rem oved traces o f any m icro
bubbles which m ay be present. The above dual stage saturation technique was
found to give a very fast pore pressure response tim e during the testing phase. The
pore pressure transducer system responded instantaneously to the vertical stress
during slurry consolidation. The data acquisition system scanned all channels in
10 s intervals during specimen reconsolidation in the calibration cham ber. The pore
pressure assembly indicated an acceptable response w ith a lag tim e o f less than
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Figure 3.2 Base plate with pore pressure access ducts.
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Figure 3.3 Bottom o f the base plate with pressure transducers.
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10 s (Huang, et al., 1988; Anderson, et al., 1991) during the specim en reconsolida
tion phase.

3.1.2 The Loading System
The loading system consists o f a reaction fram e with a single acting
hydraulic cylinder (jack) powered by an air-hydraulic pum p and bolted to the top
lid. The pump has an automatic pressure m ake-up feature. W ith the air pressure
continuously applied to the air m otor controlled through a regulator, the pum p will
cycle autom atically whenever circuit pressure drops below pum p stall pressure.
This feature enables the stress to be m aintained at a constant, desired level as the
soil consolidates. Load from the push jac k is transferred to the soil through a steel
piston rod and an aluminum piston plate. The vertical stress is recorded and con
trolled by m onitoring the oil pressure using a pressure transducer. The piston and
the aluminum base plates have porous plastic discs attached to their inner ends with
connections to allow two-way drainage. A linear varying displacem ent transducer
(LVDT) connected to the piston rod m easures the vertical settlem ent o f the sample
during the consolidation phase. The data acquisition software developed in Pascal
(see Appendix) acquires and appends data (pore pressures, consolidation stress and
consolidation settlem ent) into a file and also displays the data on a com puter screen
in graphic form plotted in real time. A schem atic view o f the slurry consolidom eter
set up is shown in Figure 3.4.
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3.2 Louisiana State University Calibration
Chamber System (LSU/CALCHAS)
The Louisiana State U niversity Calibration C ham ber System (LSU/
CALCHAS) (Figure 3.5) designed by de Lim a (1990), de Lim a and Tumay (1991),
and Tumay and de Lim a (1992) consists o f a calibration cham ber, a panel o f
controls (data acquisition/control system ), a hydraulics and chucking system, a
penetration depth m easurem ent system and the cone penetrom eters.

3.2.1 Double Wall Flexible Chamber
The LSU /CALCHA S is a double walled flexible cham ber (Figure 3.6) that
can house specim ens 525 mm in diam eter and 815 mm high. T he two cylindrical
shells made o f stainless steel 304 plates are 6.35 m m thick. T he internal diam eter
o f the inner and outer shells are 560 m m and 580 m m , respectively, and 910 mm
high. The shells are designed to w ithstand a m axim um pressure o f 1440 kN /m 2.
The sample top plate 525 mm in diam eter and 38.1 mm high is m ade o f 6061 T-6
aluminum. T he bottom plate is the base plate of the slurry consolidom eter and is
similar to the top plate. The sample bottom plate rests on a 525 mm diam eter
piston. The rubber m em brane around the specimen is sealed (w ater tight) around
the top and bottom plates using four "O" rings. T he top plate transfers the vertical
thrust o f the piston on the specimen in to the cham ber top lid. T h e top lid m ade of
6061 T-6 alum inum is 635 mm in diam eter and 38.1 mm high. The top lid and top
plate have provisions fo r tests to be conducted at three locations (for the cone to be
inserted) in the specimen (Figure 3.6). These holes are sealed by adapters during
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Louisiana State University Calibration Chamber System

(LSU/CALCHAS) (Tumay and de Lima, 1992).
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specimen reconsolidation against back pressure. The adapters are specially deigned
to permit PC PT under back pressure. The top lid is connected to the piston cell
ring using twelve stainless steel 304 rods (12.7 mm in diam eter). This acts as a
self-reacting fram e when the specimen is stressed and also provides reaction for the
push jack during cone penetration. The inner cell (annular space betw een the
specimen and the inner shell) and outer cell (space betw een the inner and outer
shells) is filled with deaired w ater by water lines connected to the top lid.

3.2.2 Piston Cell
The piston cell is a double walled cylinder (430 m m high) m ade o f stainless
steel and having the same diam eter as the cylindrical shells. The inside cell space
of the piston is kept free for instrumentation (pore pressure transducers and cables).
A hollow piston shaft 63.5 mm in diam eter and 406 mm long is attached to the
bottom piston plate. The cham ber bottom plate 635 mm in diam eter and 38.1 mm
thick carries a piston guide to allow smooth vertical m ovem ent o f the piston. The
annular space between the inner and outer cell walls and som e grooves at the
bottom o f the piston plate are filled with deaired water through a port in the walls
of the piston cell. This piston is raised by pressurizing the w ater in the piston cell
by an air-w ater system. The piston cell ring, the piston cell and the cham ber
bottom plate are kept together by twelve stainless steel 304 rods (12.7 mm in
diameter). An LV D T connected to the piston shaft m easures the vertical
deformation o f the specimen. The lateral volume change o f the specim en is
measured by an air-water system.
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3.2.3

Panel of Controls
The operation o f the LSU/CALCHAS is servo controlled. The panel of

controls (Figure 3.7) is equipped with two Fairchild m odel T-5700 electro
pneumatic transducers for independent control o f the vertical and horizontal stresses
by digital to analog (D/A) signals sent from an IBM personal com puter through a
data acquisition board (Data Translation DT-2801A ). The panel also has pressure
regulators for manual control of the stresses. There are five Sen Sym ST2000
pressure transducers and four M arsh process gauges to m easure the stresses (inner
and outer cell pressures, vertical stress, back pressure) in the specimen. The panel
is equipped with air-water system*, to pressurize the piston and sam ple cells as well
as to saturate specimens under back pressure.

3.2.4

Hydraulic and Chucking (Push/Pull) System
The hydraulic system used for cone penetration consists o f a dual piston,

double acting hydraulic jack m ounted on a collapsible fram e (Figure 3.8). The
frame 2140 mm high is in its extended state. It is m ounted on top o f the top lid o f
the cham ber and allows for penetrating the specim en in a single stroke o f 640 mm
or less (for stage testing). Such a single stroke continuous penetration is desirable
especially in saturated cohesive specimens where stress relaxation and pore pressure
dissipation can occur during a pause in between strokes. The push jack is equipped
with a chucking system to grab the push rods during penetration and extraction o f
the cone penetrometer. The hydraulic push jack system is designed to test the
1 cm2 m iniature piezocone penetrometer, 1.27 cm 2 m iniature quasi-static cone
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r\
penetrom eter with friction sleeve and 10 cm Fugro cone penetrom eter (reference
cone).

3.2.5

Penetration Depth Measurement System
The penetration depth is m easured accurately using an electronic analog to

digital converter depth decoding system. The depth decoder consists o f a metal
disk, a light em itting diode, and an optical sensor. Holes are drilled at equal
distances on the circum ference of the disk. As the cone advances (penetrates the
specimen), a cable connected to push rod and wound around the pulley (connected
to the disk), m echanically turns the disk. The distance between two consecutive
holes on the disk represent a penetration o f 2 cm. The light em itting diode and the
sensor are installed on either side o f the disk. W hen the light em itted by the diode
passes through a hole, the sensor senses the light and generates a pulse that triggers
the m ultiplexer to switch the channels for analog to digital (A/D) conversion. This
process continues until the end o f cone penetration.

3.2.6

Material Handling System
The m aterial handling system for the LSU/CALCHAS consists o f two over

head cranes (two ton capacity) m oving on a horizontal beam that rolls over two
transverse rail beams. This overhead crane system covers the total area o f the
LSU/CALCHAS. It is designed for lifting the specimen (and the form er) and
accurately centering and placing the specim en on top o f the cham ber piston. It is
also used for lifting and placing the hydraulic push jack on the top lid o f the
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chamber. In addition, a one ton electric crane rolling on a cantilever swivel beam
is available.

A digital hanging scale with a m aximum load capacity o f one ton is

available for

weighing the specimens with an accuracy o f 1 lb.out o f 1,000.

3.2.7

Specimen Boundary Conditions
The LSU/CALCHAS was initially designed to test com pacted soil samples

and was able to sim ulate K0 consolidation and the four traditional penetration
boundary conditions comm only referred in literature as:
BC1: Constant vertical stress and constant lateral stress
BC2: Zero vertical strain and zero lateral strain
BC3: Constant vertical stress and zero lateral strain
BC4: Zero vertical strain and constant lateral stress
M odifications and additions were m ade by the author to the CA LCH AS to
adapt it for the testing o f soft preconsolidated cohesive soils. A back pressure
system was included to ensure saturation o f the specim ens. A data acquisition/
control software was written in Pascal (see Appendix) for piezocone penetration
testing in soil specimen instrumented to m onitor spatial pore pressure distribution.
W ith these enhancem ents, it was possible to consolidate and test soil specim ens at a
variety o f stress paths.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

51

3.3 Cone Penetrometers
3.3.1

Miniature Piezocone Penetrometer
The m iniature piezocone penetrom eter used for the tests was fabricated by

Fugro-M cClelland Engineers B.V., The Netherlands. A schematic view o f the
penetrometer is shown in Figure 3.9. It has a projected cone area o f 100 m m 2 and
a cone apex angle o f 60°. The m axim um norm al load capacity is 5 kN . The
penetrom eter has two alternatives for the filter location. The choice is available for
the filter located in the low est 1/4 o f the cone at the very tip (U1 configuration,
Figure 3.10a), or starting 0.5 mm above the base of the cone and 2 mm vertical
height (U2 configuration, Figure 3.10b). The filter is m ade o f sintered stainless
steel and has a pore size o f 30 pm. The pressure transducer has a stainless steel
sensing diaphragm and has a m easuring range o f 3.5 M Pa. There is no friction
sleeve in the penetrometer. In order to m easure sleeve friction, a m iniature quasi
static cone penetrom eter was used.

3.3.2

Miniature Quasi-Static Cone (MQSC) Penetrometer
The M QSC penetrom eter used to conduct the Q C PT is a 127 mm 2 cross-

sectional area subtraction type Fugro-M cClelland cone penetrom eter, with a friction
sleeve 63 mm long and an apex angle o f 60° (Figure 3.11). It m easures cone
resistance and the com bined cone and local sleeve friction resistances. The M QSC
push rod has a reduced diam eter o f 9.53 mm com pared to the cone which is
12.72 mm in diameter. This is in contrast to the piezocone penetrom eter which has
a push rod o f the same diam eter as the cone.
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Figure 3.10 M iniature piezocone: (a) U1 configuration (filter at the tip);
and (b) U2 configuration (filter, 0.5 mm above the cone base).
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Chapter 4

EXPERIMENTAL PROCEDURE AND TEST RESULTS
4.1 Specimen Preparation
The clay specimens were prepared in two stages: (1) slurry consolidation in
a consolidometer from a high w ater content soil slurry, and (2) reconsolidation in a
calibration cham ber to higher stresses w hich is free from the rigid boundary effects
o f a slurry consolidometer. This technique is known to produce cohesive soil
specimens o f very high quality (Krizek and Sheeran, 1970; Huang, e t al., 1988).

4.1.1

Slurry Consolidation
Soil slurry was prepared by m ixing kaolin and fine sand (D60/D 10 = 1.4)

with deionized water at a water content o f twice the liquid limit. This initial water
content was found to be appropriate to m inim ize air entrapm ent in the slurry during
mixing and placem ent in the consolidom eter. A higher slurry w ater content will
lead to segregation of the soil grains and also require higher consolidation times.
The grain size distribution o f the kaolin and fine sand is shown in Figure 4.1.
Mixing was done in two large 40 gallon polyethylene tanks using a heavy duty
chemical mixer. Tw o different soil m ixtures were used to prepare the test
specimens. A m ixture o f 50% kaolin and 50% Edgar fine sand by w eight was used
to prepare the K-50 specimens. The K-33 specim en was prepared from a m ixture
o f 33% kaolin and 67% fine sand. T he Atterberg lim its o f the tw o soil m ixtures
are shown in Table 4.1. Slurry was placed very carefully inside the consolidom eter

55
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Figure 4.1 Particle size distribution curves.
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Table 4.1 Properties o f the soil m ixtures.
Liquid
Lim it

Plastic
Lim it

Specific
Gravity

(%)

Plasticity
Index
(%)

(%)

Kaolinite

54

28

26

2.66

Fine Sand

. . .

. . .

. . .

2.67

Kaolinite and Sand (K50)

30

16

14

. . .

Kaolinite and Sand (K33)

20

14

6

. . .

Soil

(Gs)
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by pouring through a 50 mm diam eter hollow tube with its low er end im m ersed in
the slurry.
A consolidation stress o f 138 kPa was applied to the slurry. This vertical
stress was selected so as to obtain an initial soil specim en o f sufficient strength to
withstand its self weight. H igher stresses would require greater tim e to consolidate
the specimens. Pore pressures were m onitored at two different elevations and at
various radial distances. Figure 4.2a shows the variation o f pore pressure with time
and the average settlement-time plot is shown in Figure 4.2b. It can be observed
that there is a significant lag between the dissipation o f excess pore pressure at the
two elevations and the surface settlement. This is expected because the slurry
consolidation process o f the soil used in this research involves finite strains. The
compressibility o f the specimen decreases continuously and so does the hydraulic
conductivity as consolidation progresses. The hydraulic conductivity at the top and
bottom of the specimen (drainage boundaries) decrease rapidly and reduces the rate
o f consolidation. The height o f the specimens decrease continuously, thereby the
locations o f the points where the pore pressures are being m onitored also change.
This is typical o f a finite strain consolidation process.

4.1.2 Reconsolidation in a Calibration Chamber
At the end of the first stage o f slurry consolidation, the specim en enclosed
in the membrane was transferred into the calibration cham ber (Figures 4.3a, 4.3b,
4.3c) where it was subjected to a second stage o f consolidation to higher stresses.
This two stage sample preparation technique was found to reduce the rigid
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Figure 4.3a Specimen installation on the cham ber base plate.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

61

Figure 4.3b Specimen enclosed in the membrane after slurry consolidation.
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Figure 4.3c

Encasing specimen in the chamber for reconsolidation.
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boundary effects from the slurry consolidom eter and homogeneous soil specimens
subjected to a known stress history were prepared.
Four specimens were prepared by the technique described above. The
chamber consolidation was perform ed against a back pressure (u0) o f 138 kPa to
ensure saturation. The specim ens yielded B values between 0.99 and 1.0 during B
tests performed to verify specim en saturation. Table 4.2 gives a sum m ary o f the
stress history for each specim en. The overconsolidated specimen w as first normally
consolidated under an isotropic state o f stress o f 207 kPa and subsequently
unloaded to 41.4 kPa (isotropic stress) and allowed to swell. Specim en 4 was
reconsolidated in the cham ber under K0 conditions (zero lateral strain). A K0 value
of 0.52 was recorded beyond the preconsolidation stress o f 138 kPa (experienced in
the slurry consolidom eter). This specim en was consolidated to a vertical effective
stress o f 207 kPa and a horizontal effective stress o f 107.6 kPa. Reference soil
parameters (undrained shear strength, su; Skem pton’s pore pressure param eter, Af;
rigidity index, Ip w hich is the ratio o f the shear modulus at 50% peak shear stress,
G50 to the undrained shear strength; coefficient o f radial consolidation, cr; and
water content, w%) obtained from tests conducted on undisturbed sam ples are
shown in Table 4.3. F or specimens 2 and 3, the reference soil param eters (su, Af,
I,.) were obtained from isotropically consolidated undrained triaxial com pression
tests (CIU) conducted on undisturbed samples obtained from the cham ber
specimens. For specim ens 1 and 4, triaxial tests (CIU tests for specim en 1 and
CK0U for specimen 4) were conducted on small scale soil samples prepared by a
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Table 4.2 Sum m ary o f the stress history o f the cham ber specimens.

Specimen
No.

Soil Type

Cham ber
Consolidation

Final Effective
Stresses (kPa)

OCR

Vertical

Horizontal

1

K -50

Isotropic

1

207

207

2

K -33

Isotropic

1

207

207

3

K -50

Isotropic

5

41.4

41.4

4

K -50

Anisotropic
(K0)

1

207

107.6

Table 4.3 Reference soil param eters.

Specimen
No.

W ater
Content
(w%)

U ndrained
Shear
Strength
su (kPa)

Af

Rigidity
Index
*r = G 5( / su

Radial Coefficient
o f Consolidation
(cr x 10'3 cm 2/s)
Virgin

Reload

1

23.32

60*

1.10*

267*

14.1

78.8

2

18.56

80

0.49

100

28.3

141.0

3

23.97

40

0.18

150

14.1

78.8

4

24.11

65*

0.59*

567*

26.4

105.0

*Data obtained from Dr. H uang (personal com m unication), Clarkson University,
Potsdam, New York.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

65

slurry consolidation technique sim ilar to that used to prepare the cham ber speci
mens. The possible influence o f the different sam pling techniques used should be
noted w hile interpreting the results. M iniature piezocone penetration tests w ere
perform ed in the soil specimens (Figure 4.4).

4.2 Miniature Cone Penetration Tests
4.2.1

Piezocone Saturation Procedure
D eairing o r saturation o f the filter elem ents and the transducer cavity is an

im portant step in piezocone penetration testing. A badly saturated transducer
assembly will result in a slow and sluggish pore pressure response during the
penetration and dissipation phase o f a PCPT. Exam ples o f inaccurate pore pressure
response due to poor saturation (Figure 2.8) have been given by Cam panella and
Robertson (1981) and Lacasse and Lunne (1982). T he saturation problem is m ore
im portant at shallow depths when the in-situ pore pressures are low. At larger
depths, the higher in-situ pore pressures tend to decrease (and dissolve) the volum e
and com pressibility o f the air in a partially saturated system and consequently poses
less problem s in pore pressure m easurem ents. Theoretical and experim ental
investigations have been conducted (Rad and Tum ay, 1985) to study the influence
of degree o f saturation on the pore pressure response o f a piezocone penetrom eter.
They found that the degree o f saturation, hydraulic conductivity and geom etry o f
the piezom etric element, the m agnitude and rate o f generated pore pressures affect
the pore pressure response o f a partially saturated piezocone.
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Figure 4.4

Piezocone penetration test:

(a) before pushing; and (b) after pushing.

' „ V.
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The conventional deairing technique is boiling and/or vacuum saturation.
The following m ulti-stage deairing technique was used in this research:
(1)

The filter elements w ere first boiled in w ater and then saturated by
applying vacuum in the N old DeA erator w ith the filter elements
submerged in water. T he N old D eA erator (Juran and Tumay, 1989)
consists o f a vacuum tight cell, an electric m otor, a magnetic clutch,
an impeller and a vacuum pump. Cavitation form s at ultra-high
vacuum around the rotating im peller that violently agitates and
breaks the fluid (w ater) into a fine m ist (nucleation). The dissolved
gases are hurled up by centrifugal force into the partially evacuated
space above water and rem oved through the vacuum tube. This
phenom ena o f nucleation and cavitation is a m ore efficient m ethod o f
rem oving dissolved gases, than the conventional boiling and vacuum
methods.

(2)

Flushing the transducer cavity with deaired w ater using a syringe
inserted in each o f the three ports connecting to the transducer
cavity. This procedure was carried out w ith the piezocone inverted
and submerged in a funnel o f deaired w ater (Figure 4.5a). W ater
acted as a m agnifying lens and the presence o f any minute air bubble
could be visually seen.

(3)

Assembling the saturated filter element and the cone tip subm erged
in the funnel of deaired water.
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(4)

In the final stage, the assem bled piezocone was once again subjected
to vacuum in the Nold D eA erator (Figure 4.5b).

The final saturated piezocone assem bly was kept enclosed in a thin rubber
membrane filled with deaired water, while connecting to the hydraulic push jac k
and preparing for the penetration test. The piezocone show ed an instant response to
the specimen backpressure o f 138 kPa and indicated a B value o f 1.0. During the
PC PT ’s, the penetration and dissipation profiles w ere sm ooth indicating an excellent
saturation o f the piezocone assembly.

4.2.2 Cone Penetration Tests
Eight m iniature piezocone penetration tests (PCPT1 - PCPT8) and three
m iniature quasi-static friction cone tests (QCPT1 - Q C PT3) w ere conducted in the
soil specimens. Dissipation tests were perform ed at the end o f all piezocone
penetration tests. For PC PT2, an additional dissipation test was perform ed at a
depth of 390 mm from the top o f the specimen. T able 4.4 gives a summary o f the
cone penetration test locations. The hydraulic system used for cone penetration
consists of dual piston, double acting hydraulic jacks on a collapsible frame. It is
mounted on top of the top lid o f the cham ber and allow s for penetrating the sam ple
in a single stroke o f 640 mm or less. Such a single stroke continuous penetration is
desirable especially in saturated cohesive specimens w here stress relaxation and
pore pressure dissipation can occur during a pause in betw een strokes. The
penetration depth is m easured using a electronic analog to digital converter depth
decoding system. All tests were conducted at the standard penetration rate o f
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Figure 4.5 Piezocone saturation: (a) flushing the transducer cavity;
and (b) vacuum saturation in the Nold DeAerator.
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Table 4.4 Summary of the cone penetration test locations.

Filter Location
Specimen
No.

1

Test

Boundary
Condition

U2 Config.
0.5 mm above
the Base

PCPT1

1

X

PCPT2

1

QCPT1

1

PCPT3

1

PCPT4

1

PCPT5

1

PCPT6

1

QCPT2

1

PCPT7

3

PCPT8

3

QCPT3

3

Test Location in the Specimen*

U1 Config.
Tip

Center
(location 1)

150 mm
from
Center
(location 2)

75 mm
from
Center
(location 3)

X
X

X
X
X

X

2

3

4

X

X
X

X

X

X

X
X

X
X

X
X

*See Figure 3.6.
o
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2 cm/sec. The cham ber top plate has provisions for tests to be conducted at three
locations (Figure 3.6). The PC PT ’s were perform ed 150 m m apart. T heir tip
resistance did not show any noticeable difference and the influence o f boundary
effects and interference from adjacent tests m ay be neglected w hile interpreting the
PCPT data. This has also been confirm ed by spatial pore pressure distribution
recorded around the penetrating probe. However, these effects m ay not be
neglected if tests are conducted in stiff, heavily overconsolidated specim ens.

4.3

Cone Penetration Test Results

4.3.1 Correction of Measured Data
The penetration profiles for the cone penetration tests along with the dissipa
tion test results are presented in Figures 4.6 to 4.9. T he cone resistance qT has
been corrected to account for pore pressures acting behind the cone tip using the
following relationship (Baligh, et al., 1981; Cam panella, et al., 1982; Tum ay and
Acar, 1985):
qx =

% + Xu b

(4.1)

where
qT = corrected cone resistance
qc = m easured cone resistance
^ _ Ag
Ac

area o f groove
projected base area o f cone

ub = pore pressure at the base o f the cone
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In the dissipation results (D1 to D8; Figure 4.6b, 4.7b, 4.8b, 4.9b), the
excess pore pressures have been norm alized as Au/AUp and plotted against tim e in a
logarithmic scale. H ere, Au is the excess pore pressure at tim e, t, after the start o f
dissipation, and Aiip is the penetration excess pore pressure. The pressures recorded
above the base o f the cone could increase initially (Au/AUp > 1 ) due to a
redistribution o f pore pressures around the tip. A sudden drop in the excess pore
pressure (indicated by Au/Atip < 1) w as observed as soon as the penetration ceased.
This drop was higher for pore pressures recorded at the tip than those recorded ju st
above the base o f the cone and is due to the norm al stress reduction that occurs
when penetration ceases. Com paring the dissipation test results, it appears that the
drop in the excess pore pressure is influenced by a variety o f factors such as the
plasticity index, overconsolidation ratio, stress-strain behavior at very high strain
rates, lateral stress coefficient, K0, and the hydraulic conductivity. Pore pressure
redistribution around the tip which m ight conceivably be faster for a m iniature
piezocone can also influence the pressure drop observed at the tip. H ence, the
interpretation o f the dissipation results to evaluate the radial coefficient o f
consolidation, cr, should be based on the initial dissipation values o f the excess pore
pressure, Auj, and not the penetration excess pore pressure, Aiip.
In the M QSC penetration tests, the error due to eccentricity o f the load on
the cone tip with respect to the friction sleeve has been corrected so that the sleeve
friction (fs), the friction ratio (Rf) and the cone resistance (qT) correspond to the
same depth. Not incorporating such a correction will be indicated by a sharp peak
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or valley in the friction ratio at the interface o f tw o layers o f varying properties. A
simple correction (based on the center o f the sleeve length) cannot, how ever,
com pletely rem ove this effect. A m ore com plicated correction procedure (Tum ay
and Yilmaz, 1981) at the interface is unw arranted since such a sudden transition
between layers seldom occurs in the field.

4.3.2

Specimen 1 - Results
Specim en 1 was a K -50 soil sam ple prepared by consolidating a slurry o f

50% kaolinite, 50% fine sand (by weight) with deionized water. The specim en
after slurry consolidation to 138 kPa w as reconsolidated in the calibration cham ber
to an isotropic stress o f 207 kPa. The specim en had an 90 mm thick layer o f fine
sand at the top. Cone penetration tests were perform ed on this norm ally consoli
dated specim en under boundary condition BC1. The penetration profiles for PCPT1
and PCPT2 are shown in Figure 4.6a. The cone resistance and pore pressures
during piezocone penetration in the top layer is not shown as they do not reflect the
true properties (it was m ade loose prior to PCPT) o f the layer. H ow ever, the cone
resistance and sleeve friction in the sand layer were m easured using the M Q SC
penetrometer. The penetration induced pore pressures (above the cone base) in
PCPT1 reached a steady value after 90 mm penetration into the clay layer. This
test was perform ed in a single continuous stroke up to a depth o f 570 mm w here a
dissipation test was conducted. Test PC PT2 (with filter elem ent located at the tip)
was perform ed in two strokes. A dissipation test was conducted at the end o f the
first stroke at a depth o f 390 mm. The penetration was subsequently continued to a
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depth o f 570 mm where a second dissipation test was conducted. The two dissipa
tion curves were very similar (alm ost identical). An initial increase in the cone
resistance was observed when the penetration was resum ed following the first
dissipation test in PCPT2. This is probably due to an increase in strength due to
consolidation around the cone. In spite o f the excellent saturation o f the piezocone,
the penetration pore pressures in PCPT2 did not reach a m axim um stable value in
both the strokes. A comparison o f the penetration pore pressure profiles for the
specimens tested indicates that the penetration depth required for the excess pore
pressure to reach a steady value depends on the stress history and the lateral stress
coefficient, K0. This is significant only fo r the pore pressure recorded at the tip,
which are induced by the normal stress. F o r filter elem ent located above the base
of the cone, the penetration pore pressures (induced by predom inantly shear
stresses) are m obilized even at a very short penetration depth. T he dissipation test
results D1 for PCPT1 and D2 for PCPT2 are shown in Figure 4.6b. It can be seen
that the normalized excess pore pressure at the beginning o f test D 2 is lower than
that o f test D l. As explained earlier, this is due to the norm al stress reduction and
the corresponding drop in the excess pore pressures (m ore at tip) when penetration
ceases. Test QCPT1 using the M Q SC penetrom eter (Figure 4.6c) was perform ed in
a single stroke up to a depth o f 480 m m. The cone resistance and the sleeve
friction are high while penetrating the sand layer, with subsequently the two values
dropping down while penetrating into the clay layer. It can be observed that the
sleeve friction values are not as stable as the cone resistance. This is probably due
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to the possible clogging o f the junction between the friction sleeve and the body o f
the cone w ith soil. The internal ’O ’ ring friction could be an additional
contributing factor. In spite of applying the eccentricity correction to the sleeve
friction (based on the center o f the sleeve length) there is a sharp peak in the
friction ratio slightly below the sand-clay interface. This is due to an abrupt
transition between the two layers.

4.3.3

Specimen 2 - Results
Specim en 2 was a K-33 soil sample prepared by consolidating a slurry o f

33% kaolinite and 67% fine sand with deionized water. The slurry w as consoli
dated to 138 kPa in the slurry consolidom eter and subsequently transferred into the
calibration cham ber where it was reconsolidated to an isotropic stress o f 207 kPa.
Cone penetration tests were conducted on the normally consolidated specim ens.
The tests were perform ed at boundary condition BC1. The PC PT profiles in this
specimen are shown in Figure 4.7a. It can be seen that the pore pressures m easured
at the tip in PC PT4 increases with depth at a very slow rate and reaches a stable
m aximum value only at a depth o f 500 mm. The results o f the dissipation tests D3
and D 4 for PCPT3 and PCPT4, respectively, are shown in Figure 4.7b. The initial
norm alized excess pore pressure in D 4 is m uch lower than that o f D 2 due to the
lower plasticity index and higher hydraulic conductivity o f specim en 2. A nother
reason for this is because the penetration pore pressures in PC PT 4 d id reach a
m axim um stable value as opposed to that o f PCPT2. The dissipation rate in D 4
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was faster com pared to that in D 2 because o f the higher hydraulic conductivity o f
specimen 2.

4.3.4 Specimen 3 - Results
Specim en 3 was sim ilar to specim en 1 except that after reconsolidating in
the cham ber to 207 kPa (isotropic stress), the stress was decreased to 41.4 kPa and
the sample was allow ed to swell. Thus, specimen 3 was an overconsolidated speci
men with an overconsolidation ratio (OCR) o f 5. An im portant difference between
the overconsolidation process m entioned above and that experienced in the field
should be borne in mind. In the field, the K0 value which is the ratio betw een the
horizontal to the vertical effective stress increases with OCR, whereas in speci
men 3, the K value during reconsolidation in the cham ber and during unloading
was m aintained at unity.
The penetration tests were conducted at boundary condition BC1. The
PCPT profiles for PCPT5 and PC PT6 are shown in Figure 4.8a. A negative excess
pore pressure (-53.6 kPa) was recorded in PCPT5 (filter located above the cone
base) at entry, for a very short depth. Interestingly, the excess pore pressures
recorded by the tip in PCPT6 reached a stable value at a relatively shallow depth o f
penetration and was always higher than that of PCPT5. This can be attributed to
the unloading stress path to which specim en 3 was subjected and also to the con
fining pressures. Dissipation curves D5 and D6 for PCPT5 and PC PT 6 are shown
in Figure 4.8b. The drop in the initial normalized excess pore pressure in D 6 is
very high. This is probably due to the overconsolidation effect in specim en 3.
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Penetration was resum ed after the dissipation test in PCPT5 for a distance o f
60 mm. The gain in strength due to consolidation o f the soil below the cone is
once again noticed by an increase in the cone resistance qT for a short distance.
Results o f the M QSC penetration test Q C PT2 is shown in Figure 4.8c. The pene
tration was resum ed beyond 660 m m fo r a distance o f 40 mm after the com plete
dissipation o f excess pore pressure around the cone (recorded by the pore pressure
ducts). An increase in the cone resistance, sleeve friction, and friction ratio was
observed indicating the strength hardening o f the soil around the cone as a result o f
consolidation.

4.3.5

Specimen 4 - Results
Specimen 4 was a K-50 soil sam ple prepared by consolidation o f the slurry

to a vertical stress o f 138 kPa and a second stage cham ber consolidation under K0
conditions to an effective vertical stress o f 207 kPa. A horizontal effective stress o f
107.6 kPa was recorded at the end o f the K 0 consolidation. This corresponds to a
K0 value o f 0.52. This specimen w as supposed to sim ulate the field consolidation
condition of zero lateral strain. Cone penetration tests in this specimen were
conducted under boundary condition BC3. The PCPT profiles are shown in
Figure 4.9a. The penetration pore pressures at the tip o f the cone (PCPT8)
stabilized only after a depth o f 540 m m (largest com pared to the previous speci
mens). The depth required to attain the previous pore pressure values when pene
tration is resum ed after a dissipation test has been found to vary and no explana
tions have been put forth by investigators in the past. As m entioned earlier, the
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PC PT profiles o f the excess pore pressure indicate that the stress history (OCR) and
the lateral stress coefficient have a m ajor influence on this stable pore pressure
m obilization depth in addition to other factors such as fabric and soil type. The
penetration depth required to attain a steady excess pore pressure (at the tip) for the
overconsolidated specimen 3 (K-50) was relatively sm aller com pared to that for the
norm ally consolidated specimen 1 (K-50). F o r norm ally consolidated specimens
(specim ens 1 and 4; K-50), this penetration depth was sm aller for a higher K0 value
(in specim en 1). The dissipation test results D7 and D 8 for PCPT7 and PCPT8 are
show n in Figure 4.9b. Results o f the M Q SC penetration test QCPT3 is shown in
Figure 4.9c.

4.4

Specimen Repeatability and Homogeneity
The pore pressure-tim e and the displacem ent-tim e profiles o f specimen 3

and specim en 4 (Figures 4.2a and 4.2b) indicate repeatability o f the slurry consoli
dation process. The maximum pore pressure variations between the two specim ens
w ere 3 kPa at an elevation o f 410 mm and 5 kPa at an elevation o f 215 mm. This
occurred during the initial stages of consolidation. W ater content determ ined from
eight soil samples taken from the top o f specim ens 1, 2, 3 and 4 (at the end o f the
first stage o f slurry consolidation) had average values 27.14% , 18.91%, 27.34% and
27.71% with standard deviations 0.35% , 0.23% , 0.36% and 0.28% , respectively.
The w ater content results o f the K-50 specim ens (i.e., specimens 1, 3 and 4) also
indicate repeatability of the slurry consolidation process. A m ore conclusive test
for specim en repeatability would, how ever, require a know ledge o f the three
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dimensional variation o f water contents and soil engineering param eters such as the
undrained shear strength and the coefficient of consolidation obtained from soil
specimens having the same m ix proportion and subjected to identical stress
histories. The preparation o f large size cohesive soil specimens being extrem ely
tim e consuming (approximately eight weeks) such a detailed check proved beyond
the scope o f this research.
Fifty water content sam ples w ere taken from each specim en after dis
m antling the calibration cham ber at the end o f the cone penetration tests. The
average values o f water contents in specim en 1, 2, 3 and 4 were 23.32% , 18.56%,
23.97% and 24.11% , respectively. T he corresponding standard deviations were,
respectively, 0.34%, 0.31% , 1.00%, 0.84% . The water content results indicate
uniformity o f the soil specimens. T he uniform ity o f the specim ens was additionally
confirm ed by the m iniature cone penetration test results. A sum m ary o f the cone
penetration test locations (Figure 3.6) is given in Table 4.4. T w o m iniature
piezocone penetration tests (PCPT, with both filter elem ent configuration) were
performed in each soil specim en, 150 mm apart (locations 1 and 2) and a m iniature
quasi-static cone penetration test (QCPT) was perform ed 75 m m from the center (at
location 3). The influence of specim en size and boundary condition on cone
penetration test results (Parkin and Lunne, 1982) depends on the diam eter ratio, Rd
which is the ratio of the specim en diam eter to the diam eter o f the cone. The
equivalent diam eter ratio, based on the effective specimen diam eters at test
locations 1, 2 and 3 were 46.5, 20.0 and 29.5, respectively. The spatial pore
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pressure distribution in the specim ens indicated that the specim en size and
boundary conditions had no influence on the cone penetration test results for
diam eter ratios greater than 15. The average values o f the cone resistance, sleeve
friction and excess pore pressures for tests performed at various locations in each
specim en are given in Table 4.5.
Cone penetration tests perform ed at different locations in each specimen
allow a check on the uniform ity (homogeneity) o f the specim ens provided they are
not influenced by specimen size and boundary condition effects (Sweeney and
Clough, 1990). The average values o f the cone resistance for tests performed at
different locations in each specim en (Table 4.5) indicate hom ogeneity in the radial
direction. The maximum difference in the average cone resistance values o f two
adjacent PCPTs was 38.6 kP a in specimen 3 and corresponds to a 6% variation
from the mean value. The average cone resistance values obtained from the QCPT
w ere consistently lower (5% to 14%) than the values obtained from the PCPT. The
probable reasons for this are the reduced push rod diam eter o f the M QSC
penetrom eter, scale effects, and/or soil disturbance due to proxim ity o f the QCPT
(location no. 3) to the PC PT (location no. 1). The average values o f cone
resistance, sleeve friction and excess pore pressure (m easured above the cone base)
at the test locations and their respective standard deviations (Table 4.5) indicate
hom ogeneity o f the specimens along their depth. As m entioned earlier, the
penetration depth required to attain a steady excess pore pressure for the filter
elem ent located at the tip o f the cone was found to be influenced by the stress
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Table 4.5 Summary o f the cone penetration test results.

Cone Resistance
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history and the lateral stress coefficient (K0). H ence, the standard deviations o f
excess pore pressure m easured at the cone tip are n o t shown in Table 4.5.

4.5

Experimental Results During Piezocone Extraction
In routine field P C P T ’s, data is usually not collected while extracting the

piezocone from the soil. In this research, the piezocone was left connected to the
data acquisition system and pore pressures were recorded on the cone and in the
surrounding soil during the extraction phase. N egative excess pore pressures w ere
m easured at the cone tip, cone base, and in the surrounding soil. During specim en
post-processing (for undisturbed soil sampling, w ater content determination,
location of the final position o f the tips o f the pore pressure ducts), it was observed
that the boreholes (created by the cone penetration) had closed. The negative
excess pore pressures in the borehole creates a high differential pore pressure
between the surrounding soil and the borehole. This high differential pore pressure,
in addition to the stresses in the surrounding soil, assists in the hole closure
process. It has been o f environm ental concern in recent years that the holes created
by in-situ penetration testing could lead to (or accelerate) contam inant transport to
greater depths. This could in certain cases even pollute underground aquifers. It is
anticipated that the m easurem ents o f extraction pore pressures combined with dissi
pation tests and subsequent PCPT perform ed at the sam e location could give useful
information for the analysis o f borehole closure phenom ena and could be o f signifi
cance in relation to concerns involving environm ental aspects related to in-situ
testing.
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The experimental results during piezocone extraction from the specim ens are
shown in Figures 4.10a to 4.10c. It can be observed that the negative excess pore
pressures recorded at the cone tip and the cone base w ere very high (less than
-138 kPa). This corresponds to absolute pressures less than 69 kPa (i.e., gauge
pressures less than -69 kPa), because there existed a backpressure o f 59 kPa in the
soil during piezocone extraction. These negative pore pressures can cause cavita
tion and may yield inaccurate pore pressure readings. H ence, it is essential, as is
the usual practice, to resaturate the piezocone betw een successive soundings. N ega
tive pore pressures during pile driving and piezocone penetration in stiff over
consolidated soil have been observed in the past. T he resulting high pore pressure
gradients that develop around the tip have been used to evaluate the stress history
o f soil deposits (Sully, et al., 1988a, 1988b; M ayne and H oltz, 1988; Sandven, et
al., 1988). Despite cavitation, good pressure readings have been reported by B ond
and Jardine (1991) during the pile driving and dissipation phases with silicon oil as
the saturating fluids.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

95

Pore Pressure u (MPa)
o
cn

p
o

o
ui

-*
o
SAND

Ld

CLAY

400

Depth

(m m )

200

600

; E xtra ctio n pore
pressure

P e n etra tion pore
pressure

80 0

Figure 4.10a Piezocone penetration and extraction pore pressure
profiles in specimen 1.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

96

Pore Pressure u (MPa)
I

o

o

o

-»

Ln

O

cn

o

LU
co
co
UJ

200

E
E

CLAY

Depth

400

600

800

^ E xtraction pore
pressure

P e n etra tion pore
p ressure

Figure 4.10b Piezocone penetration and extraction pore pressure
profiles in specimen 3.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

97

Pore Pressure u (MPa)
I

o

cn

o
b

o

-

cn

o

LJ

LU

200

E

CLAY

E
Depth

400

600

80 0

■ E xtra c tio n pore
pressure

P e n e tra tio n pore
p re ss u re

Figure 4.10c Piezocone penetration and extraction pore pressure
profiles in specimen 4.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Chapter 5

INTERPRETATION OF THE CHAMBER PIEZOCONE TEST RESULTS

The Interpretation o f PC PT data is often com plex as it is influenced by
many variables. A num ber o f factors such as stress history, rigidity index (stiff
ness), sensitivity, soil anisotropy, soil fabric (macrofabric), and strain rate influence
the PCPT data. The design o f the penetrom eter especially the thickness, location
and pore size o f the filter elem ent along with its susceptibility to clogging and
smearing has a significant effect on the m agnitude o f the pore pressure generated
and its subsequent dissipation. In this chapter, the PCPT data obtained from the
cham ber tests are analyzed using some o f the available interpretation techniques.
The limitations of some of the existing methods were observed and factors to be
taken into account for a m ore accurate interpretation o f the data have been
identified.

5.1

Undrained Shear Strength
The behavior o f the soil around an advancing cone is very com plex in

nature. The soil elements in front o f the tip are subjected to a changing state o f
stress (involving rotation o f the principal stresses) as they slide along the cone face
up the shaft. Because o f the continuous failure and the varying state o f stress, the
mode o f failure is very m uch different from any o f the laboratory tests used to
determine the undrained shear strength. In addition to the above, the strain rates
experienced by the soil elem ents in the vicinity of the cone is very high com pared

98
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to that in a conventional triaxial or vane shear test (Tumay, et al., 1985; Acar and
Tumay, 1986). Since su is not a unique param eter, the type o f test used to deter
m ine su should be stated. In this research, the reference su has been determined
from undrained triaxial compression tests (CIU tests for specimens 1, 2 and 3;
CK0U test for specimen 4).

5.1.1

Interpretation Methods
M any analytical models have been proposed to determ ine the undrained

shear strength from PCPT data. F or the present interpretation, the following m odels
will be considered:
•

Bearing Capacity M odel (Terzaghi, 1943; M eyerhof, 1951, 1961)

•

Cavity Expansion M odels (Vesic, 1972, 1977)

•

Steady Penetration A pproach (Baligh, 1975)

•

Strain Path M ethod (Baligh, 1985; H oulsby and Teh, 1988)

•

Em pirical and Sem i-em pirical M ethods (Lunne, et al., 1985;
Massarsch and Broms, 1981)

5.1.1.1

Bearing Capacity Models
The cone resistance, q ^ during undrained piezocone penetration into

cohesive soils can be expressed by the follow ing bearing capacity equation
qc = Nc su + c v0

(5.1)

where Nc = cone factor, su = undrained shear strength, and c v0 = total vertical
stress. The above equation may be alternatively expressed as:
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The ultimate bearing capacity theories assum es the soil as a rigid perfectly plastic,
incompressible and weightless m aterial. The plane strain slip-line problem for a
continuous strip footing is solved on the basis o f the fundam ental solution
developed by Prandtl (1921). Em pirical depth factors and shape factors are used to
modify the plane strain bearing capacity problem for application to axisym m etric
deep penetration problem s. B ased on different assum ed failure pattern (geom etry o f
the plastified zone), the follow ing values o f Nc have been suggested:
Nc = 7.4

Terzaghi (1943)

Nc = 9.3

(sm ooth base)

Nc = 9.7

(rough base)

Nc = 9.6

M eyerhoff (1951, 1961)

Durgunoglu and M itchell (1974)

The objections raised against the bearing capacity theories to analyze deep
penetration problem s are:
(1)

The boundary conditions are not appropriate for deep cone penetra
tion problem s. In shallow penetration problem s, the soil m oves
outwards and upwards to the surface, whereas in deep penetration
problem s, the displaced soil (inner plastic zone) is accom m odated by
the elastic deform ations o f the soil in the outer zone.

(2)

Involves em pirical correction factors for depth and shape.
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(3)

Cannot m odel the continuous process o f the cone penetration
m echanism.

5.1.1.2 Cavity Expansion Models
D uring the PCPT, some surface heave occurs at shallow depths o f penetra
tion. At larger penetration depths, little surface heave is noticed and it has been
argued that the soil m oves predom inantly outwards. This has led to the m odeling
o f PCPT as a cylindrical cavity expansion process from zero radius to the radius o f
the cone penetrom eter. The limit pressure pu required to expand the cylindrical
cavity is considered as the radial stress on the shaft o f the penetrom eter. The
general form o f soil m ovem ent at the penetrom eter tip has been visualized as that
due to the expansion o f a spherical cavity from zero radius to an equivalent pene
trometer radius, r0. The ultimate cavity pressure required to expand the spherical
cavity is often considered an estim ate o f the cone resistance (at the tip). Theories
for cylindrical an spherical cavity expansion have been developed by Hill (1950),
Soderberg (1962), Ladanyi (1963), and Vesic (1972). These m odels are based on
elastic-ideally plastic material. The solution by Hill (1950) does not take into
account effects o f volum e change in the plastic zone. Based on experim entally
determined stress-strain/volume change relationships from triaxial test, volum e
change effects in the plastic zone was included by Ladanyi (1963). Vesic (1972)
developed solutions for spherical and cylindrical cavity expansion in an isotropic
soil media (o 0 = a v0) governed by a M ohr-Coulom b failure criteria. The effects o f
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volum e change in the plastic zone were taken into account. F o r undrained cavity
expansion in cohesive soils, the following lim it pressures w ere obtained:

p u = .1 su (1 + In I r)

(spherical cavity)

(5.3a)

p u = s u (1 + In I r)

(cylindrical cavity)

(5.3b)

w here I,. = G/su = rigidity index and G = shear m odulus.
Vesic (1977) assum ed the point resistance to be governed by the total
octahedral norm al stress (o 0 = a ^ ) and developed the follow ing spherical cavity
expansion solution for the lim it pressure in a cohesive soil

Pu = 1

3

(1 + In I_) + 2.57 s u
r

(5-4)

The above expressions for the lim it pressure has a form sim ilar to that of
the bearing capacity equation. The cavity expansion theories are one-dim ensional
theories and do not take into account the two-dim ensional nature o f the penetration
process. It involves assum ptions for the rigidity index \ and the equivalent
spherical cavity radius r0 (during predictions of excess pore pressure distribution).
Cavity expansion studies using work hardening elastoplastic soil m odels have been
used by Randolph, et al. (1979), Baneijee and Fathallah (1979), and Chopra, et al.
(1992) to analyze PCPT results.

5.1.1.3

Steady Penetration Approach
The steady penetration approach proposed by Baligh (1975) analyzes the

problem o f continuous penetration o f the piezocone (or pile) as a steady-state
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situation. The w ork done by the external force per unit area to push the cone a unit
distance was equated to the sum o f the w ork done to push the cone tip (wedge)
alone at a constant velocty over a unit distance and the w ork done to expand a
cylindrical cavity behind the cone. The m edium surrounding the w edge was
assumed to be m assless, isotropic, rigid-perfectly plastic m aterial w ith a T resca
yield criterion and the cylindrical cavity expansion assumes an elastoplastic soil
medium, where the initial in-situ stress state was equal to the total horizontal stress.
For a 60° cone, B aligh arrived at the following expression for the analytical bearing
capacity factor, N c:
Nc = [1 + In y + 11

(5.5)

5.1.1.4 Strain Path Method
The steady penetration m ethod (Baligh, 1985; Tumay, et al., 1985) has been
used to analyze PC PT results (Baligh, 1985; Houlsby and Teh, 1988; T eh and
Houlsby, 1991). The m ethod hypothesizes that due to strict kinem atic constraints in
deep penetration problem s, soil deform ations, and strains are independent o f the
shearing resistance o f the soil and the problem is essentially strain controlled. The
cone penetration problem is analyzed by considering the flow o f an incom pressible,
inviscid fluid (soil) around a static penetrometer. The strain history fo r each soil
element is determ ined from the com puted flow pattern. The deviatoric stresses are
then determ ined (using appropriate initial stresses) by integration o f the appropriate
constitutive law s along the streamlines. The mean normal stress is then determ ined
using one o f the equations of equilibrium (radial or axial) and integrating from an
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outer boundary starting from some point sufficiently away from the cone. The
stresses may not satisfy the equilibrium equations reflecting the error in the
assumed flow field. H oulsby and Teh (1988) used a large strain finite elem ent
method to correct the inequilibrium by applying increm entally equal and opposite
forces with the cone held stationary.
The expression for Nc including the effects o f cone roughness, rigidity
index, Ij., and initial in-situ stresses is given by

Nc = 1 (1 * In Ir) 1.25 +

Ir
— —

2000

+ 2.4 Of - 0.2 a s - 1.8 A

(5.6)

where a f = cone roughness (0 < a f < 1.0), a s = shaft roughness (0 < a s < 1.0), A =
[(ovo - a ho)/2su] = horizontal index (- 1.0 < A < 1.0), o v0 = vertical stress, and
a ho = lateral stress. Figure 5.1 indicates the influence o f Ij., cone roughness, A on
the cone factor Nc.

5.1.1.5 Empirical and Semi-Empirical Methods
The undrained shear strength m ay be estim ated using the following
empirical equation suggested by Lunne, e t al. (1985)

sU "

kT

<5-7)

where NkT = em pirical cone factor and a vo = vertical stress. NkT values have been
reported to vary between 4 and 30 in actual practice. Several factors such as
plasticity, stress history, stiffness, sensitivity, fabric are known to be the cause for
such wide variations.
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Sem i-em pirical relations based on cavity expansion theories (Vesic, 1972;
Randolph and W roth, 1979; M assarsch and Brom s, 1981) using penetration induced
pore pressures m ay also be used to estim ate su. The initial excess pore pressure
distribution within the plastic zone due to spherical or cylindrical cavity expansion
is given by M assarsch, 1976):
Spherical cavity expansion

(5.8)

Au s = s.. (4 In _£. + — In I + 2 A f - 0.667)
u
r
3
r
f
Cylindrical cavity expansion

(5.9)

Au c = su (2 In 12. + In Ir + 1.733 A f - 0.577)
r

where Aus = excess pore pressure due to spherical cavity expansion, Auc = excess
pore pressure due to cylindrical cavity expansion, r0 = equivalent penetrom eter
radius, r = radial vector to a point within the plastic zone, and Af = Skem pton pore
pressure param eter at failure, the above equations are o f the form
(5.10)
where the correlation factor, NAu, varies between 2 and 20, depending on the soil
type, in-situ stress state (K0), rigidity index (I,.), overconsolidation ratio, sensitivity,
and the soil m icro and m acro fabric. Values for NAu as a function o f the plasticity
index (Ip) and/or rigidity index (G/su) and Af for two different filter locations (cone
tip and cone base) are given in the form o f interpretation charts (Figure 5.2,
M assarsch and Broms, 1981).
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5.1.2

Application of the Interpretation Methods to the Chamber Specimens
Com parison o f the em pirical cone factor NkT estim ated from the cone

penetration data and the reference su w ith the analytical cone factors Nc are
sum m arized in Table 5.1. The NkT values for the cone penetration tests in
specim ens 1, 2 and 3 were higher than m ost o f the theoretical Nc values (except
that predicted by the steady penetration approach). The NkT values for specimen
no. 4 (K0-anisotropically consolidated specim en) were low er than those for the
isotropically consolidated specim ens signifying the im portance o f the horizontal
stress on NkT. However, the NkT values have been slightly underestim ated and the
Nc values overestim ated because the reference soil param eters (undrained shear
strength, su and the rigidity index, I,.) used for the anisotropically consolidated
specim en no. 4 is slightly higher (not com m on in actual practice) than those for the
isotropically consolidated specim en no. 1. Analysis based on the strain path
m ethod along with large strain finite elem ent analysis (Houlsby and Teh, 1988)
have indicated the importance o f horizontal stress and rigidity index on the cone
factor and is confirm ed by the present study. Tests on specim en no. 3 (OCR = 5)
gave NkT values sim ilar to those o f the norm ally consolidated specim en no. 1 as
opposed to the higher NkT values recorded in overconsolidated soils in the field.
This is due to the fact that in specim en no. 3, overconsolidation was achieved by
isotropic unloading o f the stress thereby m aintaining K = 1 even in the final over
consolidated state. Thus, both specim ens no. 1 and no. 3 had the same K value,
resulting in sim ilar NkT values. The NkT values for the isotropically consolidated
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Table 5.1 Comparison o f analytical bearing capacity factors, Nc, with empirical cone factors, NkT,
estimated from cham ber tests.

Analytical Bearing Capacity Factors Nc
NkX Specimen
No.

Test

9 T _<yvo
su

1

PCPT1

16

PCPT2

16

QCPT1

14

PCPT3

13

PCPT4

13

PCPT5

15

PCPT6

16

QCPT3

14

PCPT7

7

PCPT8

7

QCPT3

6

2

3

4

Spherical

Steady
Penetration
Approach
Baligh
(1975)

Strain Path
M ethod
Baligh (1985)
Houlsby and
Teh (1988)

CTo — ®ho

°o —^oct

°o —®ho

% = CTVO

8.8

6.6

11.4

17.6

13.3

7 - 10

7.5

5.6

10.0

16.6

10.8

7 - 10

8.0

6.0

10.6

17.0

11.7

7 - 10

9.8

7.3

12.4

19.3

14.7

Cavity Expansion Models
(Vesic 1972, 1977)

Bearing Capacity
M odels
Terzaghi (1943)
M eyerhof (1951-61)

Spherical

Cylindrical

° o — ®vo

°o —^vo

7 - 10

o
vO
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specimen no. 1 (K-50 specim en) w ere higher than those for the isotropically
consolidated specimen no. 2 (K-33 specim en) indicating the influence o f the soil
type (plasticity index) on NkT.
Semi-empirical relations based on cavity expansion theories using penetra
tion induced pore pressures m ay also be used to estim ate su. T he follow ing expres
sion is used to obtain the correlation factor NAu which varies betw een 2 and 20.
Aii
su = _

(5.11)

Au

In Table 5.2, the value o f NAu com puted from PC PT using the reference su is
compared to that predicted by cavity expansion m odel (M assarsch and Brom s,
1981). In PCPT2, the penetration pore pressure did not reach a m axim um stable
value resulting in a low value o f NAu. The values o f NAu from PC PT conducted on
the isotropically consolidated specim ens 1, 2 and 3 were higher than the NAu values
predicted by the m ethod proposed by M assarch and Brom s (1981). This is due to
the fact that the specimens were isotropically consolidated resulting in higher
measured pore pressures (because o f higher confining pressures) and thereby a
higher computed value o f N Au. T he N Au values for the isotropically consolidated
specimens were also found to be higher than those for the anisotropically (K0)
consolidated specimen, signifying the im portance o f the horizontal stress. The NAu
values in specimen 1 (K-50 specim en) w ere higher than those in specim en 2 (K-33
specimen) indicating the influence o f the soil type (plasticity index) on NAu. The
NAu values showed a trend sim ilar to the NkT values.
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Table 5.2 Comparison o f pore pressure factors, NAu, from piezocone tests with that based on cavity
expansion m odel (M assarsch and Broms 1981).

Specim en No.

1

2

4

3

Test

PCPT1

PCPT2

PCPT3

PCPT4

PCPT5

PCPT6

PCPT7

PCPT8

NAu from PCPT

10.4

9.4

7.4

7.9

10.1

13.2

5.6

7.5

NAu from CEM

6.0

7.9

4.9

6.5

4.7

6.4

6.8

8.9
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5.2 Lateral Stress Coefficient
5.2.1

Interpretation Method
Em pirical correlations have often been used, usually based on som e theoreti

cal fram ew ork, to correlate the data m easured during a PC PT to the engineering
soil param eters. In recent years, efforts have been m ade (Sully and Cam panella,
1991; M ayne and Kulhawy, 1992) to correlate the pore pressure m easured on the
face o f the cone and that m easured behind the tip to the lateral stress coefficient
(K0). The m ethod (Sully and Cam panella, 1991) is based on the interdependence o f
K0 and OCR in noncem ented soils in which the preconsolidation have developed by
a simple m echanical loading-unloading process. The developm ent o f the correlation
between K0 and the m easured pore pressures were based on the follow ing argu
ments.
The excess pore pressure Auj m easured on the cone tip and Au2 m easured
behind the tip could be expressed as a proportion o f the total cone resistance, qT
during a PCPT, i.e.:
Auj = fj(q x)

(5.12)

^ u2 -

(5.13)

Hence, Auj - Au2 = Uj - u2 = f3(qT), w here Uj and u2 are the total pore pressures
m easured on the cone face and above the cone tip, respectively. A lso, due to the
fact that the cone resistance in clays is related to the horizontal effective stress, a 'h
(as confirm ed by the present cham ber studies), m eant
(5.14)
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Hence, they argued that norm alized pore pressure param eter, PPSV, defined as

PPSV = Ul ~ ° 2 = f5(K 0)
°

(5.15)

VO

gave a correlation between the m easured pore pressures and the lateral stress condi
tion. They analyzed published data (m ostly field test results and one calibration
chamber study) collected from a num ber o f research sites around the w orld and
found a definite trend between the PPSV and K0 (especially site specific). A linear
relation betw een PPSV and K0 was suggested (Figure 5.3)
K0 = a + b (PPSV)

(5.16)

where a and b are constants. The value o f "a" is less than the normally consoli
dated value o f K0 and an approxim ate value o f 0.11 was suggested by b. The
method suggested by Sully and Cam panella was verified by M ayne and Kulhaw y
(1992) using PC PT data from tests conducted on kaolinitic clay in a fixed wall
calibration cham ber. Their results show ed good agreem ent with the proposed
method (Figure 5.4).

5.2.2

Evaluation of the Interpretation Method
The com parison o f PPSV vs. K0 for the four cham ber specim ens w ith the

method suggested by Sully and Cam panella is shown in Figure 5.5. T he results can
be evaluated on the basis o f the stress history o f each specimen. From the present
calibration cham ber results, it was observed that (com paring the penetration pore
pressures in specim ens 1, 2 and 4) for norm ally consolidated specim ens, the dif
ference between Uj and u2, i.e., the m agnitude of Uj (and hence, the value o f
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Lateral stress coefficient, K„
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Figure 5.4 PPSV-K0 com parison in a fixed wall cham ber test
(M ayne and Kulhawy, 1992).
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PPSV), diminishes with an increase in K0. In fact, specimen 1 which was normally
consolidated but under an isotropic stress condition (hence, K0 = 1), gave a small
negative value (- 0.3) for the PPSV . This value m ight have probably been closer to
zero (could still be negative) had the penetration pore pressure at the tip reached a
stable value (plateau). It can be seen that specimen 2 which had a K0 equal to
unity (since it was isotropically, norm ally consolidated as specimen 1) gave a low
PPSV value o f 0.2. The value w as, how ever, positive, probably due to the
influence of the plasticity index. The reason why the results for specimen 1 and
specimen 2 fall away from the line proposed by Sully and Cam panella (Figure 5.5)
is now obvious. In the field, one rarely comes across soils that are normally
consolidated having a K0 value equal to unity (i.e., isotropic, normally consolidated
specimen). A K0 value o f unity in the field would usually mean overconsolidated
soils for which the PPSV will be high due to the high pore pressure gradient around
the tip for such soils.
In specimen 3, the overconsolidation ratio (OCR = 5) was achieved by
isotropic unloading o f the isotropic, norm ally consolidated specimen. Thus, the
specimen had a K0 value equal to unity throughout the stress history in the cham ber
(i.e., during the NC stage and the O C stage). This stress history is not the same as
in the field. In the field, the specim en usually has a K0 value less than unity
during the NC stage and it increases as O C R increases. The PPSV calculated for
specimen 3 is closer to the proposed line in Figure 5.5 than those for specimens 1
and 2. This is because the K0 value at an OCR = 5 even for an anisotropically
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consolidated and unloaded specimen is close to unity. The discrepancy between the
proposed value and the m easured value is obviously due to the different stress
paths, in the field overconsolidated soils, and the laboratory cham ber specim en 3.
Specim en 4 was normally consolidated under conditions o f zero lateral (sim ilar to
in-situ soils). It can be seen (Figure 5.5) that the K0 vs. PPSV fo r this specimen is
very close to the line proposed by Sully and Cam panella. The m ethod proposed by
Sully and Cam panella to determine the lateral stress condition from PC PT data
seems to be very effective. They have also cautioned that site specific correlations
be used (because o f the influence o f other factors such as the presence o f fissures
and soil type, i.e., the plasticity index on the PPSV value). The influence o f other
factors such as plasticity index, K0 value for anisotropic norm ally consolidated
specimens under different stress paths need to be studied by P C P T ’s in cohesive
soils in laboratory calibration chambers.
As a final note, the influence o f K0 on the penetration depth required to
m obilize a stable pore pressure value especially fo r the filter located at the tip
requires a m ention. It seems from the penetration pore pressure profiles
(Figures 4.6a and 4.9a) that a lower confining pressure (lateral stress) w ould require
a larger penetration depth to m obilize a steady pore pressure value in normally
consolidated soils. However, for the overconsolidated specim en (no. 3), the pore
pressures are m obilized at a relatively small depth o f penetration. It appears that
the lateral stress and the overconsolidation ratio has a significant influence on the
penetration depth required to attain a steady pore pressure value.
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5.3

Overconsolidation Ratio
The overconsolidation ratio (OCR) defined as the ratio o f the preconsolida

tion pressure, o p, and the existing effective overburden pressure,

g 'vo,

is an

important factor governing the strength, stress-strain behavior, and the com pres
sibility characteristics o f soils. Know ledge o f the OCR is hence essential in
selecting relevant soil param eters for a proper design o f geotechnical system s. The
conventional m ethod for determ ining O C R is from laboratory oedom eter tests on
undisturbed samples obtained from the field. The determination o f o 'p is
influenced by the type and procedure o f testing (Crawford, 1964) and also by the
unavoidable sample disturbance. If a continuous profile o f OCR with depth is
required, the conventional laboratory m ethod becomes time consum ing and expen
sive, requiring a great am ount o f testing. In recent years, the estim ation o f OCR
from in-situ tests (piezocone, dilatom eter, vane shear) has gained a lot o f attention.

5.3.1

Interpretation Methods
The use o f PCPT data for estim ating OCR have been suggested by a num ber

of researchers (Schmertm ann, 1978; Baligh, et al., 1980; Tum ay, et al., 1982;
Senneset, et al., 1982, 1988; W roth, 1984; Robertson, et al., 1986; K onrad and Law,
1987; Mayne, 1987; M ayne and H oltz, 1988; M ayne and Bachus, 1988; Sully et al.,
1988; Sandven, et al., 1988; M ayne, 1991, 1992). Some o f the suggested interpre
tation methods are evaluated using the cham ber PCPT data.
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5.3.1.1 Schmertmann’s Method
The cone resistance qT has been recognized as a m easure o f the undrained
shear strength su which itself is a function o f the O C R (Ladd, et al., 1977;
Schmertmann, 1978; Campanella, 1983). Hence, the cone resistance should reflect
the OCR o f the soil deposit. Based on the above argum ent, Schm ertm ann (1978)
suggested the following m ethod to estim ate OCR:
(1)

Using the relationship proposed by Skempton (1957), estim ate the
normalized, normally consolidated undrained shear strength, i.e.:
f

\

su

si =

= 0.11 + 0.0037 L

(5.17)

In c

where Ip is the plasticity index.

(2 )

From the corrected cone resistance, qT, calculate
r

\

9 t “ a vo

o' vo

s =

N kT

vo

(5.18)

where a v0 is the total overburden pressure and NkT is the cone
factor.
(3)

Estim ate OCR using the relationship
M.13+0.04(s/s,)

f

OCR =

s

(5.19)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

121

5.3.1.2 Yield Stress Model
Konrad and Law (1987) proposed a semi-em pirical m ethod based on a yield
stress model to determine the preconsolidation pressure from PC PT data. It is
based on the assumption that the effective yield stress m obilized along the cone
axis during penetration is equal to the difference between the induced total vertical
stress and the total penetration pore pressure. The ratio between the vertical yield
stress a 'yc and the preconsolidation pressure a p is related to the OCR. The
following iterative m ethod was proposed to evaluate the OCR.
Determ ine o 'yc using the relation

o'

qx - a u ,
t ____
= ____
y
1 + M f tant)/ c o t0

(5.20)

where a u 2 = u T = pore pressure in the failure zone (u2 is the pore pressure
measured above the cone base and Uj is the pore pressure m easured on the cone
face),

= friction factor (M f = 1 for norm al roughness and Mf = 0.5 - 0.75 for

smooth steel), <)>' = effective friction angle, and 0 = cone apex angle.
The ratio o 'yc/o 'V0, w here o 'V0 is the effective vertical stress, is used as a
first approximation for OCR to determ ine o /yc/<y'p using the proposed m ean relation
(Figure 5.6). Dividing a 'yc/ o 'VQ by a 'yc/ a 'p gives a new value o f OCR. The proce
dure is repeated until satisfactory convergence o f the value of OCR.
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5.3.1.3

Pore Pressure Parameters
Various pore pressure param eters have also been used in the past to directly

correlate to the OCR:

ut

Baligh, et al. (1980)

Au

Tum ay, et al. (1982)

qc
Au
(qc

B

Smits (1982)
»o)

= ---------- 2_
Q

Senneset and Janbu (1984),

(5.21)

9 t " a vo

R obertson, et al. (1986)

where u = pore pressure at the cone base, u0 = equilibrium pore pressure, Au = u u0 = excess pore pressure, and o V0 = total overburden pressure. It is the shear
induced pore pressure that reflects the stress history o f the soil and any pore
pressure param eter used to estimate O C R should relate a change in the pore
pressure to changes in the octahedral and shear stress around a penetrating cone
(Wroth, 1984). Because o f the sim ilarity between Bq and the Skem pton’s pore
pressure param eter (A) (Skempton, 1954), Bq was considered as a prom ising
param eter to estimate OCR. The follow ing expression was suggested
2.3 B n
OCR = ------------ 3—
(3.7 B - 1)

(5.22)
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As m entioned earlier, it is the shear induced pore pressure that reflects the stress
history o f the soil. The Bq m ethod was considered a prom ising param eter to
evaluate the OCR. However, this m ethod does not allow the shear induced pore
pressures to be separated from those generated by the octahedral stresses. Research
performed by various investigators (Battaglio, et al., 1986; Cam panella, et al., 1986;
Jamiolkowski, et al., 1985; Lunne, et al., 1985) have shown that no universal corre
lation exists betw een B q and OCR. M oreover, in soft clays, the accuracy o f tip
resistance m ay be considered unreliable (Tumay and Acar, 1985). The existence o f
a large pore pressure gradient around the tip especially in overconsolidated clays
has been pointed out by a num ber o f investigators (Tumay, et al., 1982;
Campanella, et al., 1986; Jam iolkowski, et al., 1985; Lunne, et al., 1986; Baligh, et
al., 1981). U sing this principle, Sully, et al. (1988) suggested the following
possible pore pressure param eters to predict OCR.
(1)

Pore pressure ratio (PPR)
ui
PPR = _

(5.23)

u2

(2)

Excess pore pressure ratio (PPR1)

(5.24)
(u2 - u0)
(3)

Pore pressure difference (PPD)

(5.25)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

125

The relationship between PPR, PPR1 and OCR is shown in Figure 5.7a. The
following correlation between PPD and OCR (Figure 5.7b) was proposed:
OCR = 0.49 + 1.50 (PPD)

(5.26)

They also stated that PPR, PPR1 were not sufficiently sensitive to changes in stress
history to be used as indicators o f OCR, especially in soft soils and PPD appears to
give a good indication o f the stress history.

5.3.1.4

Cavity Expansion/Modified Cam Clay Methods
U sing the critical-state soil m echanics and the cylindrical cavity expansion

theory, M ayne (1987) and M ayne and Holtz (1988) suggested the following expres
sion for determ ining OCR

(
OCR = 0.317 _
a ',

M .79

(5.27)
/

where Au is the excess pore pressure m easured im m ediately behind the cone tip.
U sing the m odified Cam-clay and the cavity expansion theory, M ayne and
Bachus (1988) suggested the following expressions fo r estim ating OCR.
For cylindrical cavity expansion

(
OCR = 2

Au

-

\

—

A
(5.28a)
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For spherical cavity expansion
N

f

Au

_ j

V

OCR = 2

f

f2Mjl„
3

A

/

(5.28b)

\

G

- 1

Is"J

where M = (6 sin (J>')/(3 - sin <)>'), and A = (1 - Cs/Cc) = plastic volum etric strain
ratio (W roth, 1984).
M ayne (1991, 1992) suggested the following expressions for predicting OCR
using the Cavity Expansion/M odified Cam Clay (CE/M CC) approach:
/

1
1.95 M

f 1
/

qT

(5.29a)
J
' 11.33

(5.29b)

+

1

® VO

1
c

V

OCR = 2

1

H

OCR = 2

>

9 t “ u bt

1.95 M

0
\

■'vo

.

where ubt = u2 = pore pressure m easured ju st above the cone base and uT = u } =
pore pressure m easured on the tip.

5.3.1.5

Proposed Method
The methods proposed by M ayne (1991, 1992) was developed based on the

spherical cavity expansion theory o f Vesic (1975) which has been form ulated for
the octahedral normal stress ( a 0 = 0 ^ ) . In the equation proposed by M ayne
(equation 5.29a), o ' 0 has been taken equal to c ' v0 since the in-situ lateral stress is
difficult to determine. For the m ethod proposed in this study, the technique o f K0
profiling suggested by Sully and Cam panella (1991) (i.e., equation 5.16) is
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combined with equation 5.29a (after substituting for a 0 =

instead o f c 0 = a vo).

The resulting expression for O C R is given by
f

O C R = ?2

3
(1-95 M + 1) a 'v0

qT

u2

1 +2K0
V

11.33

(5.30)
J .

\

or in terms o f Uj and u2
(

O CR = 2
(1.95 M + 1)

q T ~ u2

\

1.33

(5.31)

c 'vo (1 + 2a) + 2 b (Uj - u2)
v

>

The values o f ’a ’ and V suggested by Sully and Cam panella m ay be used for insitu predictions o f OCR. Since cham ber specimens 1, 2 and 3 were isotropically
consolidated and also because K0 for all the specimens was known, equation 5.30
has been used to verify the validity o f the approach (Table 5.3).

5.3.2

E v a lu atio n o f th e In te rp re ta tio n M ethods
The estim ated OCR from the cam ber PCPT data, using the earlier m entioned

interpretation m ethods are given in Table 5.3 and shown in Figures 5.6 and 5.7.
The m ethod proposed by Schm ertm ann (1978) overestim ated the OCR fo r all the
specimens. The iterative m ethod suggested by Konrad and Law (1987) failed to
converge to a reasonable value o f OCR. The reason for this can be seen in
Figure 5.6, where the actual a 'yc/ o 'p vs. OCR for the four specim ens are shown.
The actual points for all four specim ens fall outside the suggested band. The
proposed relation has a very flat slope for O CR greater than three leading to higher
estimation errors. The significant scatter in the predicted and actual values o f OCR
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Table 5.3 Interpretation o f OCR from PCPT data.

Predicted OCR
Specimen
No.

1

2

3

4

OCR

1

1

5

1

Schmertmann
(1978)

2.3

3.9

12.3

2.1

Bq
M ethod

1.1

1.2

1.1

0.9

Sully,
et al.
(1988)

0.1

0.8

4.9

1.4

Mayne
(1987)

Mayne and
Bachus
(1988)

M ayne
(1991,
(1993)

Test
No.

c

s

1.7

1.0

1.6

PCPT1

1.4

0.8

4.3

PCPT2

1.9

1.1

1.8

PCPT3

2.1

1.2

3.7

PCPT4

15.2

8.8

4.7

PCPT5

22.3

12.9

4.6

PCPT6

0.4

0.3

0.6

PCPT7

0.9

0.6

1.5

PCPT8

OCR
Eq. 5.30

1.6

0.9

1.8

0.8

7.6

4.7

0.4

1.1

c = cylindrical cavity expansion
s = spherical cavity expansion
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using the m ethod suggested by Konrad and Law has also been reported by other
investigators (Kabir and Lutenegger, 1988; Robertson, et al., 1988).
According to K abir and Lutenegger (1988), the ratio o ' yc/ c ' p is not only
related to the OCR, but is also related to rigidity index, grain size, soil plasticity,
and sensitivity. A comparison o f their

vs. OCR from three different field

sites with the suggested m ethod is shown in Figure 5.8. Significant scatter can be
seen. Robertson, et al. (1988) have rightly pointed out that the value o f a can be
much greater than the suggested m axim um value o f 1.33 in overconsolidated soils
(Figure 2.3b). They have also shown that the proposed m ethod was only m ar
ginally better than the B q m ethod and it appeared to have the same restrictions as
the Bq method.
From Table 5.3, it appears that the Bq m ethod is not sensitive to OCR.
Research perform ed by various investigators have shown that no universal correla
tion exists between Bq and OCR (Battaglio, et al., 1986; Cam panella, et al., 1986;
Jam iolkowski, et al., 1985: Lunne, et al., 1985). The B q m ethod uses only one
value o f m easured pore pressure (above the cone base) and hence it is difficult to
evaluate the shear induced pore pressure which is believed to provide a basis for
the estim ation o f OCR. M ayne and Bachus (1988) have shown that Bq is m ore of
a site specific parameter. Robertson and Cam panella (1983) postulated that the Bq
method will be influenced by variations in soil plasticity and sensitivity. M oreover,
the unreliability o f the tip resistance in soft clays (Tumay and Acar, 1985) can add
to the errors in estimating OCR using the Bq method. Significant scattering has
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been observed in Bq vs. OCR at low overconsolidation ratios (Kabir and
Lutenegger, 1988; Robertson, et al., 1986).
Sully, et al. (1988) have suggested an interesting m ethod to estim ate OCR
using pore pressure param eters (pore pressure ratios and pore pressure difference)
determined from pore pressure m easurements at the cone face and above the cone
tip. The m ethod uses the pore pressure gradient existing around the tip and its
dependence on OCR. Figure 5.7a shows the PPR and PPR1 vs. OCR for the four
specimens and also the relationships suggested by Sully, et al. (1988). The pore
pressure ratios for the four specimens are also given in Table 5.4. It can be
observed that there is scatter and the pore pressure ratios are not sufficiently sen
sitive to changes in OCR. This observation is consistent with the observations of
Sully, et al. (1988). The PPD m ethod (Figure 5.7b), how ever, seems to predict
OCR reasonably well (especially for specimens 3 and 4). It can also be seen that
for specimen 2, the OCR is slightly underestim ated, and for specim en 1, the OCR
is severely underestimated. The reason for this is obvious. Specim ens 1 and 2
were isotropically consolidated and the difference in the m easured pore pressures at
the tip and above the cone base (i.e., Uj - u2) is very close to zero. In fact for
specimen 1, this value is negative because the pore pressure m easured at the tip
was lower than that above the cone base. The low pore pressure gradient around
the cone tip in isotropically consolidated specimens resulted in low values of
predicted OCR. An important assumption o f the PPD m ethod requires special
mention. The m ethod assumes that he water table is close to the ground surface.
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Table 5.4 Pore pressure ratios and pore pressure difference for the
cham ber specimens.
Specimen
No.

Auj

1

561.8

624.0

2

631.8

3
4

Au2

Equivalent

PPR

PPR1

PPD

207.0

0.925

0.900

-0.300

590.9

207.0

1.051

1.069

0.198

528.2

405.7

41.4

1.274

1.302

2.959

490.0

367.5

207.0

1.213

1.333

0.592

uo
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Hence, for interpreting the cham ber PC PT results, an equivalent u0 should be
determ ined (which may not be the sam e as the backpressure) know ing the density
o f soil and water and calculating the depth (and the hydrostatic pressure, u0)
corresponding to the effective vertical stress o f the cham ber specim ens. In the
field, u0 can be determ ined from full dissipation tests during PC PT if the phreatic
level is close to the ground surface. If the phreatic level is not close to the ground
surface, it should be determ ined from the soil density variation if known or by
using an approxim ate density (which could lead to some errors). For using the
PPD m ethod, the pore pressure filter location, height and thickness have to be
standardized since these can significantly affect the m agnitude o f the m easured pore
pressure (Sully, et al., 1987).
The predicted O CR’s using the m ethods suggested by M ayne (1987), M ayne
and Bachus (1988) and M ayne (1991, 1992) are shown in Table 5.3. These
prediction methods have been form ulated from the theories o f cavity expansion and
critical-state soil m echanics. The m ethod proposed by M ayne (1987) using the
excess pore pressure m easured above the cone base gave good predictions o f the
OCR. The m ethod proposed by M ayne and Bachus (1988) using the spherical
cavity expansion theory and excess pore pressures m easured above the cone base
gave reasonable predictions of O C R for specim ens 1, 2, and 3 (for specim en 4, the
OCR was underestimated). This is true since the spherical cavity expansion is
known to better represent the soil behavior around the cone tip. The m ethod
suggested by M ayne (1991, 1992) gave good predictions o f O CR for pore pressures
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m easured above the cone base. Interpretation using pore pressures m easured at the
cone tip overestim ated the O C R ’s.
The OCR prediction technique proposed in this research (equation 5.31)
seems to be a more accurate and prom ising m ethod since it com bines the im portant
pore pressure gradient that develops around the tip w ith the m ethod based on the
spherical cavity expansion theory and critical state soil m echanics.

5.3.3

Applications to Field Data
The validity o f the proposed expression (equation 5.31) in predicting in-situ

OCR is verified by application to PCPT data from four sites (Bakklandet, Troll East
area 2, Glava, and Valoya) reported by Sandven (1990). PC PTs were perform ed at
each o f these sites with the 15 cm 2 Fugro triple piezocone with pore pressures
recorded on the cone face at m id height (uj); 8 mm above the cone base (u2) and
behind the sleeve (u3). It is im portant to note that for the cham ber PCPTs, the pore
pressure, Uj, was recorded at the very tip (and not on the cone face at m id height)
and u2 was recorded 0.5 mm above the cone base (and no 8 m m above the cone
base). In this study, no distinction is m ade for these differences in the filter
element locations (for Uj and u2 measurem ents) even though it is o f im portance due
the large pore pressure gradient around the tip in heavily overconsolidated stiff
clays (as explained earlier in Chapter 2 o f this dissertation, Figure 2.4). The
influence o f scale effects (between the 1 cm2 m iniature piezocone and the 15 cm 2
triple piezocone) on the magnitude of the cone resistance and the generated pore
pressures are also neglected.
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The reference values o f the in-situ OCRs w ere obtained from one
dimensional consolidation tests conducted on undisturbed soil sam ples obtained
from adjacent borings. Comparisons betw een the predicted OCRs by the proposed
method and their reference values for the four sites are shown in Figure 5.9a
through 5.9d. Also shown in these figures are the O C R profiles using the Pore
Pressure Difference (PPD) approach o f Sully, et al., 1988 (Equation 5.26) and the
Cavity Expansion/M odified Cam Clay (CE/M CC) approach o f M ayne (1991)
(Equation 5.29a). These two methods were selected because they gave reasonably
good OCR predictions for the cham ber specim en no. 4 that was anisotropically
consolidated (stress history sim ilar to field deposits). A brief description o f the
sites and the evaluation o f the different interpretation m ethods is given below:
1.

Bakklandet Clay - The site located in Trondheim , consists o f soft to
medium stiff, overconsolidated clay o f m arine origin and medium
sensitivity. It has a plasticity index, Ip = 5-10% ; w ater content, w =
20-30%; undrained shear strength, su = 15-40 kPa; and effective
friction angle, <J)' = 25-28°. The groundw ater table was located at
4.0 m. As seen in Figure 5.9a, the reference O C Rs (from oedom eter
tests) compares well with those predicted by the m ethod proposed in
this research. However, at depths greater than 16.5 m, the proposed
m ethod overestim ates the OCR slightly. The CE/M CC approach is
find to give better OCR predictions com pared to the PPD approach.
However, both these m ethods underestim ates the in-situ OCR.
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2.

Troll East Clay - The site located on the N orw egian Continental
Shelf in the North Sea, consists of hom ogeneous, soft to medium
stiff, slightly overconsolidated clay. It has the follow ing properties:
Ip = 30-40%; w = 50-60%; su = 10-50 kPa; f = 31°. The ground
water table was assum ed at 0.0 m. The proposed m ethod is seen to
give good predictions o f O CR from a depth o f 7 to 17 m
(Figure 5.9b). From 2 to 6 m, the reference O C R values lie between
those predicted by the proposed m ethod and the PPD approach. The
OCR values predicted by the CE/M CC approach are slightly less
than those predicted by the proposed m ethod and underestim ates the
reference values. The predictions by the CE/M CC approach are,
however, better than those m ade by the PPD approach.

3.

Glava Clay - The site located in Stjordal, consists o f medium stiff to
stiff, overconsolidated clay o f marine origin and o f low sensitivity.
It has the following properties: Ip = 8-16%; w = 25-35% ; su = 2050 kPa; <t>' = 28-32°. The groundwater table was located at a depth
o f 0.5 m. Between depths o f 2.5 and 7.5 m (range o f 5 m), the
CE/M CC approach gives reasonably good O C R predictions
(Figure 5.9c) whereas the proposed m ethod overestim ates the OCR
values and the PPD approach underestim ates them. From a depth o f
8.5 m to 17.5 m (range o f 9 m ), the proposed m ethod m akes the best
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OCR predictions whereas both the CE/M CC approach and the PPD
approach underestim ates the OCR.
4.

Valova Clay - The site located in Trondheim consists o f stiff to very
stiff, heavily overconsolidated clay. It has the follow ing properties:
Ip = 15-25%; w = 35-45%; su = 55-100 kPa; 0 ' = 26-28°. The
groundwater table was located at a depth o f 3.0 m. Figure 5.9d
shows that both the proposed m ethod and the CE/M CC approach
predicts the in-situ OCR values fairly well. T he PPD approach
underestim ates the in-situ OCRs.

In general, the proposed m ethod gave better O CR predictions than the
CE/M CC and PPD approaches in Bakklandet, Troll East, and G lava clays. For the
Valoya clay, both the proposed m ethod and the CE/M CC approach gave fairly good
OCR predictions. The PPD approach underestim ated the O C R values in
Bakklandet, G lava and Valoya clays and overestim ated the O C Rs in Troll East. It
is to be noted that while using the PPD approach, it has been assum ed that the
phreatic level (groundwater table) is at the ground surface even though the actual
groundwater table at the sites was located at different depths.

5.4

Coefficient of Consolidation
Determ ination o f the coefficient o f consolidation o f fine grained soils is

essential in m any geotechnical engineering problems. T he rate o f consolidation is
often estim ated from laboratory tests (oedom eter tests) conducted on undisturbed
saturated cohesive soil samples. Obtaining high quality undisturbed samples and
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conducting laboratory tests are expensive and time consuming. The tests are
usually perform ed under sim plified boundary conditions and required proper
judgm ent before application to field situations. Laboratory tests are perform ed on
small specimens and fails to account for the soil variability and the presence of
cracks and fissures of the soil m ass in situ. The presence of cracks and fissures
tend to increase the in situ hydraulic conductivity and coefficient of consolidation
values and hence the laboratory values m ay be underpredicted by several orders of
magnitude (Rowe, 1972; G risak and Cherry, 1975).
As an alternative to the tim e consum ing and expensive laboratory tests, there
has been an increasing trend recently to estim ate the coefficient o f consolidation
from in situ tests. In situ tests are perform ed under existing field conditions of
stress states, temperature, pore-fluid chem istry and m acrofabric and are hence more
appropriate for the purpose o f design. H ow ever, there is a certain degree o f soil
disturbance associated with in situ testing methods and the boundary conditions are
much more complex than im posed by laboratory tests. This makes the interpre
tation o f in situ test data m ore com plicated as the proposed methods will have to
account for these effects.
Use o f in situ tests for determ ining consolidation characteristics o f cohesive
soils have been studied by m any investigators. Some o f the in situ tests that have
been commonly adopted are the push in piezom eter (Bennett, et al., 1985; Foot et
al., 1987), dilatometer (Robertson, et al., 1988; M archetti and Totani, 1989;
Lutenegger, 1987; Lutenegger and Kabir, 1988), piezoblade tests (Kabir, 1988;
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Kabir and Lutenegger, 1990), pressurem eter tests (Clarke, et al., 1979; Fahey and
Cartrer, 1986; Benoit and Clough, 1986; Fahey and Foley, 1987; Huang, 1986;
Anderson, et al., 1991), piezoprobe tests (W issa, et al., 1975; Torstensson, 1975;
Janbu and Senneset, 1974), piezocone tests (Tumay, et al., 1981; Baligh, et al.,
1981; Battaglio, et al., 1981; Cam panella and Robertson, 1981; Tum ay, et al., 1982;
de Ruiter, 1982; Zuidberg, et al., 1982; Tum ay and Acar, 1985; Torstensson, 1977;
Senneset, et al., 1988; Gupta and D avidson, 1986; Juran and Tum ay, 1989).

5.4.1

Factors Influencing Excess Pore Pressure Dissipation
The dissipation data as the soil consolidates at the end o f steady penetration

during a PCPT can provide fairly good estim ates o f the coefficient of consolidation
and/or the hydraulic conductivity o f fine grained soils. The accuracy with which
these parameters are determ ined will depend on the interpretation m ethod adopted.
An accurate theoretical procedure to analyze the com plex consolidation process
around a cone penetrometer will have to account for the following im portant
aspects:
(1)

Determ ination o f the initial excess pore pressure distribution in the soil

around the cone penetrometer, at the start of the dissipation and consolidation
process. This includes the m agnitude o f the pore pressure and the spatial extent
(distribution) o f the same. M any m ethods based on cavity expansion theories,
strain path method, large strain finite elem ent techniques, semi-em pirical m ethods
have been proposed by investigators in the past to determ ine the spatial excess pore
pressure distribution around a piezocone for dissipation analysis. For an accurate
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prediction o f the spatial excess pore pressure distribution, the analytical m ethod will
have to take into consideration the existing in situ stress states and appropriate
penetration boundary conditions, the finite deform ations (geom etric nonlinearity) in
the soil during penetration, inertia effects (due to very high strain rates), elastoplastic soil behavior (material nonlinearity), soil inhom ogeneities (soil m icro and
macro fabric), pore pressure gradients around the cone tip (which depend on the
soil stress history and also the cone tip geometry).
(2)

T he factors that have to be taken into account by the analytical m odel

during the dissipation phase are soil nonlinearity and m odeling the soil in the
rem olded zone around the penetrom eter, coupling betw een the total stresses and
pore pressures, creep effects, the two dim ensional nature o f the dissipation process
and the filter location where the pore pressures are m onitored.

5.4.2 Prediction Methods for the Initial Excess Pore Pressure Distribution
The initial excess pore pressure distribution due to piezocone penetration in
clays is an im portant factor affecting the interpretation o f the coefficient o f
consolidation. Detailed param etric study using different initial excess pore pressure
distribution (constant, linear and logarithmic distribution) involving cylindrical and
spherical cavities have been perform ed by Levadoux and Baligh (1980). D ifferent
methods have been proposed, based on cavity expansion theories, strain path
method, finite elem ent analysis, semi-empirical m ethods, to predict the initial excess
pore pressure distribution. The im portant features o f these m ethods are given
below.
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5.4.2.1

C avity E xpansion M e th o d
During a PCPT, some surface heave occurs at shallow depths o f penetration.

At larger penetration depth, little surface heave is noticed and it has been argued
that the soil moves predom inantly outw ard. This has led to the m odeling o f PC PT
as a cylindrical cavity expansion process from zero radius to the radius o f the cone
penetrometer. The general form o f soil m ovem ent at the penetrom eter tip has been
visualized as that due to the expansion o f a spherical cavity from zero radius to an
equivalent penetrometer radius ’r0\ (Torstensson, 1975, 1977). Theories for
cylindrical and spherical cavity expansion in soils have been developed by
Soderberg (1962), Ladanyi (1963), and Vesic (1972). These are one-dim ensional
models and do not take into account the two-dim ensional nature o f the penetration
process. The m ethod proposed by Torstensson assumes isotropic initial stress
distribution, ideal elastic-perfectly plastic m aterial, undrained one-dim ensional
cavity expansion (cylindrical o r spherical), neglects shear induced excess pore
pressures and uses a linear, uncoupled finite difference scheme to analyze the pore
pressure dissipation and consolidation.
The radius o f the plastified zone (rp) is given by:
Cylindrical cavity

—

rP = r 0
N

s..

(5.32)
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Spherical cavity

_G
rp “ ro 3

(5.33)

s.,

where r0 = equivalent penetrom eter radius, and G/su = Ij. = rigidity index.
The initial excess pore pressure distribution at any radius Y in the plastic
zone is given by
Cylindrical cavity

Auj = su In —

- 2 In J L

(5.34)

Spherical cavity

1 , G
,
r
Auj = 4 s u _ l n __ - In___
3
su
r0

(5.35)

The initial excess pore pressure in the elastic zone is zero. The follow ing expres
sion was suggested for the interpretation o f the radial coefficient o f consolidation:
2
T 5 0 r0

cr =

(5.36)

t50

where T50 = time factor at 50% dissipation (given for both cylindrical and spherical
solution), t50 = time for 50% dissipation, and r0 = equivalent penetrom eter radius.
The cylindrical cavity expansion m odel was considered to be applicable for
filter elem ents located along the cylindrical shaft some distance away from the cone
base. The spherical solution was considered to be m ore appropriate for the filter
elem ents located on the conical tip. F o r the filter elem ents located ju st above the
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cone base, the interpretation is m ore com plex especially in stiff overconsolidated
soils because o f large pore pressure gradients (and possible soil separation). The
interpretation curves proposed by Torstensson for the cylindrical and spherical
solutions are shown in Figure 5.10.
Closed form solutions developed by Randolph and W roth (1979) and cavity
expansion studies using w ork hardening elastoplastic soil m odels (Randolph, et al.,
1979; B anetjee, et al., 1979, 1982; Chopra, et al., 1992) to analyze pile installation
and subsequent consolidation m ay also be used to interpret PC PT results.

5.4.2.2 Strain Path Method
The strain path m ethod (Baligh, 1975, 1985) m ay be used to determ ine the
initial excess pore pressure distribution during piezocone penetration. A linear,
uncoupled o r a nonlinear, coupled dissipation analysis can be perform ed. The
determination o f the initial excess pore pressure distribution using SPM (Levadoux
and Baligh, 1980) is done in the follow ing manner:
1.

Predict soil velocities and strain rates using potential theory (for ideal
com pressible fluid flow) and a suitable distribution o f sources and
sinks to sim ulate the geom etry of the cone.

2.

The strain rates are integrated along streamlines to determ ine the
strain path o f the elem ents as they m ove past the cone.

3.

Deviatoric stresses and shear-induced pore pressures are com puted
using a total stress soil m odel.
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Figure 5.10 Tim e factors for Torstensson’s model: (a) cylindrical
solution; and (b) spherical solution.
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4.

D eterm ination o f the excess pore pressures considering the
equilibrium in the radial direction.

The SPM takes into account the two-dim ensional aspect o f the penetration
phenomena. They studied the effects o f stress-induced anisotropy, linear coupling,
cone angle, filter elem ent location and pore pressure m easurem ent errors (Levadoux
and Baligh, 1986). They report excellent agreem ent o f predicted norm alized excess
pore pressure distribution with field m easurem ents (Baligh and Levadoux, 1986).
They also suggested that the initial norm alized excess pore pressure distribution
determined for Boston Blue Clay are reasonably applicable to other clays. The
predicted values o f tim e factor (Boston Blue Clay) for different cone angles, filter
elem ent location and degrees o f consolidation is shown in Table 5.5.
The strain path m ethod supplem ented by a large strain finite elem ent
analysis was adopted by Houlsby and Teh (1988), Teh and Houlsby (1991) to
analyze the PCPT in clays. Their m ethod incorporated certain im provem ents over
the previous methods suggested by Baligh and Levadoux. Instead o f attem pting to
reproduce an approxim ate penetrom eter geom etry by a com bination o f sources and
sinks in a uniform field, the actual geom etry of the penetrom eter was included
explicitly in the analysis. A n elastic-perfectly plastic m aterial m odel o f the von
Mises type was used. The initial stress condition was obtained using the solution
from the SPM. The inequilibrium o f the initial stresses (reflecting the error in the
assumed flow field) are corrected by applying increm entally equal and opposite
forces; with the cone held stationary. A fter the inequilibrium was elim inated, the
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Table 5.5 Predicted values o f tim e factor2 for B oston Blue clay
(Levadoux and Baligh, 1986).
D egreeb o f C onsolidation (%)

Cone
Angle

Location

(1)

(2)

20

40

50

60

80

(3)

(4)

(5)

(6)

(7)

6.5

27

60°

Tipc

0.44

1.9

3.7

60°

Cone Base

0.69

3.0

5.6

60°

Shaft

7.3

18°

Tipd

0.064

0.50

1.4

3.6

24

18°

M idcone

0.52

2.6

4.7

8.2

34

18°

Cone Base

1.8

6.2

18°

Shaft

5.9

22

16

33

10

39

47

114

10

17

53

25

37

86

aTim e factor, T = crt/r02.
bDegree o f consolidation = (1 - Au/Auj) x 100.
cPorous elem ent location anywhere on the cone face.
dApex o f the cone.
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cone was pushed further until a steady load was reached. A large strain finite
elem ent m ethod was used.
The computed excess pore pressure was used as the initial condition in a
dissipation analysis based on the Terzaghi-R endulic uncoupled consolidation theory.
The non-dimensional dissipation curves (for I,. = 100) for different filter elem ent
locations is shown in Figure 5.11a. T he dissipation curves depend on the initial
pore pressure distribution (which is dependent on the value o f I,.) and are hence not
unique. In order to unify the results at different I,, values (Figure 5.11b), they
proposed a m odified time factor T and the follow ing expression was suggested to
estimate cr:

(5.37)
JU
4c
The values o f T at various stages o f dissipation and for different filter elem ent
locations are shown in Table 5.6.

5.4.2.3

Large Strain Finite Element Method
Large strain finite elem ent techniques have been used in the past to analyze

the cone penetration problem (De B orst and Verm eer, 1984; Kiousis, et al., 1988).
De Borst and Vermeer used an E ulerian approach, in which the soil m odeled as a
von Mises material, flows through a fixed finite elem ent m esh. Instead o f adjusting
the position o f the nodes (as done in the updated Lagrangian m ethod), the state of
the material was adjusted by taking convection into account. The m aterial flow
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Figure 5.11a Time factors predicted by the strain path m ethod for
I, = 100 (Houlsby and Teh, 1988).
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Figure 5.11b M odified tim e factor, T*, by the strain path m ethod
(Houlsby and Teh, 1988).
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Table 5.6 M odified time factors at different stages o f dissipation
(Houlsby and Teh, 1988).
M odified Tim e Factors T*
Degree of
Consolidation

Cone
Tip

Cone
Face

Cone
Shoulder

5 radii above
Cone Shoulder

10 radii above
Cone Shoulder

20%

0.001

0.014

0.038

0.294

0.378

30%

0.006

0.032

0.078

0.503

0.662

40%

0.027

0.063

0.142

0.756

0.995

50%

0.069

0.118

0.245

1.11

1.46

60%

0.154

0.226

0.439

1.65

2.14

70%

0.345

0.463

0.804

2.43

3.24

80%

0.829

1.04

1.60

4.10

5.24

T* =

Crt

1

T
ro /

fir
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through the fixed m esh was calculated by introducing prescribed m aterial displace
ments o f 1 mm at the bottom o f the mesh. He used the above technique to avoid
the numerical difficulties encountered in an unadapted Lagrangian finite elem ent
formulation.
An FEM analysis o f PC PT using an elasto-plastic large strain form ulation
was perform ed by Kiousis, et al. (1988). An elasto-plastic cap m odel (DiM aggio
and Sandler, 1971) was used. The basic (non-rate) constitutive relations was
developed in a spatial reference fram e and were subsequently transform ed in
Lagrangian coordinates. The rate equations were obtained through simple time
differentiation. The m ethod was im plem ented into a finite elem ent program capable
o f dealing with m oving boundary conditions to simulate the continuous process of
cone penetration (Figure 5.12a). The analysis was based on the assum ption o f
negligible interface friction between the soil and the penetrometer. Isotropic initial
state of stress was assum ed and penetration was started from a certain depth until
complete failure was achieved. The excess pore water pressure distribution
(Figure 5.12b) was obtained assum ing undrained penetration and was calculated
using the relation
<j> = K j

(5.38)

where <j) = time derivative o f the pore pressure, K = undrained bulk m odulus o f the
soil-water system, and j = m aterial time derivative o f the Jacobian o f deform ation
(expression o f the volum etric strain rate).
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Figure 5.12a M odeling piezocone penetration using large strain
FEM (Kiousis, et al., 1988).
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0.10 °/°

Figure 5.12b Initial pore pressure distribution predicted by large
strain FEM (Kiousis, et al., 1988).
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A separation o f the soil and the cone shaft (for a length o f 35 m m) just
above the cone base and a pore pressure gradient around the cone tip was observed.

S. 4. 2A

Sem i-E m pirical M ethods
Chan (1982) used the norm alized excess pore pressure distribution around

the cone penetrom eter obtained from field m easurem ents as the initial pore pressure
distribution. A linear uncoupled dissipation analysis was perform ed to develop the
interpretation tim e factors. This m ethod assum es that the norm alized initial excess
pore pressure distribution is geom etrically sim ilar in all soils (NC).
The m ethod suggested by G upta and D avidson (1986) for determ ining the in
situ coefficient of consolidation consists o f m atching the field piezom eter probe
dissipation curve with com puter-generated dissipation plots. The com puter plots
were obtained by a two-dimensional uncoupled axisym metric consolidation
dissipation o f an assum ed initial excess pore pressure distribution. The m ethod
assumes that the advance of the cone produces in its im m ediate vicinity a series of
successive spherical cavity expansions (Figure 5.13). The excess pore pressure
distribution around the probe was related to the m easured penetration pore pressure
at that location by using V esic’s (1972) logarithm ic distribution (spherical cavity
expansion).
Computations are made in an increm ental m anner to perm it pore pressure
dissipation during the advance o f the probe. Tw o-dim ensional axisym m etric
consolidation problem (for isotropic and anisotropic conditions) were solved with
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Figure 5.13

M odeling piezocone penetration as successive spherical
cavity expansions (Gupta and D avidson, 1986).
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assum ed values of in situ coefficient o f consolidation until a good m atch between
the field and com puter generated dissipation curves were obtained.

5.4.3

Application of the Interpretation Models to Chamber PCPT Data
The dissipation results obtained from the cham ber studies were used to

evaluate some o f the interpretation m odels described earlier. The cavity expansion
interpretation m odels proposed by Torstensson (1975, 1977) are com pared with the
eight PC PT dissipation results (PCPT1 - PCPT8) in Figures 5.14a through 5.14h.
The excess pore pressure dissipation, 0.5 mm above the cone base (for the filter
elem ent in the U2 configuration) m ay not have a truly cylindrical symmetry nor a
spherical one. Hence in Figures 5.14a, 5.14c, 5.14e, and 5.14g, comparisons are
made with both the cylindrical cavity expansion and the spherical cavity expansion
solutions. It can be observed from the figures that the spherical cavity expansion
solution predicts a m uch faster dissipation than those observed in the experiments.
This is not surprising since the radius o f the plastic zone (and thereby the spatial
extent o f the excess pore pressure distribution) predicted by the spherical cavity
expansion theory is sm aller than that predicted by the cylindrical cavity expansion
theory. However, it is possible that during the advance o f the piezocone, it
produces a deform ation pattern in the vicinity o f the tip approxim ately similar to
that during a spherical cavity expansion. The cylindrical symmetry o f displacem ent
contours along the shaft m ay be a result o f the successive summ ation o f the
spherical cavity expansions (Gupta and Davidson, 1986). In such a case, the
cylindrical symmetry o f the excess pore pressure distribution above the cone base
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Figure 5.14b Com parison o f dissipation results for PC PT2 w ith
Torstensson’s model.
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Figure 5.14c Com parison o f dissipation results for PC PT3 with
Torstensson’s m odel.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

164

0 .8 0 -

0 .6 0 -

Normalized

excess

pore

pressure,

Au/Au;

.00

0 .4 0 -

O

□ □ □ □ □ c y lin d r ic a
OOOOO s p h e ric a l
0 .2 0 -

__ E^Su=?00 (A n a ly tic a l)'
Experimental
0 .0 0

0.001

0 .0 1

0.1

10

100

1000

Time fa c to r, T = c rt / r 02
Figure 5.14d Com parison o f dissipation results fo r PC PT4 with
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(along the shaft) should be taken into account (the two-dim ensional aspect) during
the dissipation phase. This would give a much slower dissipation rate at the cone
tip than that predicted by a one-dim ensional spherical dissipation process. The
limitations and disadvantages of the Torstensson’s model are:
•

Difficulty in defining the equivalent radius, r0 for the spherical
cavity.

•

Difficulty in selecting an appropriate (single) value for the rigidity
index, I,..

•

Does not take into account the two-dim ensional aspect o f the cone
penetration and dissipation process.

•

Neglects shear induced excess pore pressures.

•

It is based on a sim ple elasto-perfectly plastic soil m odel. It does
not take into account geom etric nonlinearities, creep effects,
remolding, stress history o f the soil, and coupling between total
stresses and pore pressures.

However, the main advantage o f the m odel is that it is relatively sim ple to use and
can give an approximate estimate o f cr. In general, the PC PT results obtained from
the present cham ber tests were in better agreement with cylindrical solution,
especially for the isotropic normally consolidated specimens 1 and 2 (PCPT1 PCPT4).
T he theoretical solutions o f Levadoux and Baligh (1986) and Houlsby and
Teh (1988) using the strain path m ethod are compared with the experim ental dissi-
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pation results obtained from the cham ber PCPTs in Figures 5.15a through 5.15d.
The experim ental results are closer to the solutions o f L evadoux and Baligh.
However, the m ethod proposed by Levadoux and Baligh does not indicate signifi
cant difference between the dissipation rates at the tip o f the cone and the cone
base probably due to insufficient m odeling o f the tip geom etry. The m ethod pro
posed by Houlsby and Teh overestim ated this difference. A t 20% degree o f dissiifc

pation the m odified time factor, T , at the cone base is 38 tim es that at the cone tip.
The difference between the tim e factors diminish at higher degrees o f dissipation.
★
*
2
/—
The m ethod uses a m odified tim e factor, T , defined as T = (cr t)/(rQ J Ir ) in order

to include the influence o f the rigidity index I,, and the radius o f the influenced
zone. This approach was found to give unified dissipation curves for different
values o f the rigidity index, Iy. H ow ever, for any particular degree o f dissipation,
the difference between the time factors, T, for various filter locations cannot be a
constant. The cham ber PCPT results indicate that the difference between the time
factors for different filter locations at any particular dissipation level was influenced
by the stress history of the soil. F or the isotropic normally consolidated specimens
(specimen 1 and 2), the difference betw een the time factors at the tw o filter
locations for 20% degree of dissipation is 3. For the overconsolidated specimen 3,
this difference is 0.8 and for the anisotropic normally consolidated specimen 4, the
difference is 6. Hence, the proposed tim e factors for various filter locations will
have to take into account the influence o f the in situ state o f stress and the stress
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history o f the soil in addition to the rigidity index. A com parison o f the coefficient
o f consolidation cr at 50% degree o f dissipation using the interpretation m odels are
given in Table 5.7.

5.4.4 Spatial Pore Pressure Dissipation Histories in the Chamber Specimens
5.4.4.1

Initial Excess Pore Pressure Distribution
The m agnitude o f the excess pore pressures predicted by the cylindrical and

spherical cavity expansion models proposed by Torstensson were low er than the
actual m easured values. This is partly due to the fact that the shear induced pore
pressures were not considered. The shear induced pore pressures can be included
by introducing the Henkels pore pressure param eter (% (Vesic, 1972). The excess
pore pressure distribution for spherical cavity expansion including the effects o f
shear is given by the expression:
■

(

\

T
_P
= su 0.943 Of + 4 In T
1
\ )
-

-

where su, rp, r is as defined earlier, otf is related to the Skem ptons pore pressure
param eter at failure, Aj, by

= 0.707 (3 A j - 1).

It was found that the pore pressures predicted by the above equations were
still different from the excess pore pressures m easured by the piezocone. A
correction procedure was hence adopted (proposed by G upta and Davidson (1986)
for the spherical cavity) by adjusting equation 5.39 to relate to the m easured excess
pore pressures. The following expression was used to obtain the corrected initial
excess pore pressure distribution:
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Table 5.7 Comparison between the estimated and reference cr values at 50% dissipation level.

Specimen
No.

Reference
(cr x 10'3 cm 2/sec)

Estimated
(cr x 10'3 cm 2/sec)
Test
Torstensson
(1975, 1977)

Levadoux &
Baligh (1986)

Houlsby &
Teh (1988)

Chan
(1982)

PCPT1

10.89c

10.01

7.16

29.3

PCPT2

5.82s

7.18

2.18

31.8

PCPT3

4.86c

9.9

4.33

29.0

PCPT4

7.51s

15.7

2.93

69.6

PCPT5

7.68c

11.14

5.97

32.6

PCPT6

7.70s

12.66

2.89

56.1

PCPT7

9.09c

5.09

5.31

14.9

PCPT8

28.65s

11.78

5.23

52.2

1

2

3

4

c - cylindrical cavity expansion
s - spherical cavity expansion

Virgin

Reload

14.1

78.8

28.3

141.0

14.1

78.8

26.4

105.0

177

/
Auu 0.943 (Xf + 4 In
A urc =

7

+ 4 In

\
t _p

r
JLd
>

(5.40)

rP

w
where Au,.c is the corrected spatial excess pore pressure distribution, and Aub is the
actual m easured excess pore pressure at the base o f the piezocone. The m ethod
proposed by G upta and D avidson (1986) for determ ining the initial excess pore
pressure distribution by successive spherical cavity expansion was used to sim ulate
the piezocone penetration m echanism . T he pore pressure dissipation that takes
place even during piezocone penetration was also taken into account. This initial
pore pressure distribution was allow ed to dissipate during the consolidation phase.

5.4.4.2 Dissipation Phase
The corrected pore pressure distribution was used in a dissipation analysis
based on the Terzaghi-Rendulic uncoupled consolidation theory. This theory
involves the assum ption that the total stress rem ains constant during the
consolidation process. F or an axisym m etric linear uncoupled consolidation
problem, the governing differential equation is

ct

92A u
dr2

c r 3A u

32A u

3A u

+ ---------------- + c _ ________ = _____
r
dr
d z2
at

(5.41)

where r is the radial distance from the axis o f the cone. The Crank-N icolson
scheme to the governing differential equation is given as
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1
c2
n+1
. n.
1 cr
_ c r 8r (A u-j + A uitj) + ^ T

1
2

2

/A n+1
A n.
r ( y
+
^

s2
n+i
A ik
(A u y +1 " A u i J )
Cr 8 z (A u i,j + A u i,j> = ------ ^
-------—

( 5 '4 2 >

where 8 is the central difference operator for the variables. The alternating
direction im plicit scheme using the D ouglas-R achford difference m ethod first
evaluates the r-term at n + 1/2 and obtains a first approxim ation for Au*n+1 at time
n+1 from
1 c„ 8s 2 (Au, A *n+l
•
r

2

*n + l
+ aAu-n.•)i , r + y1 “c r 28.r /A(Auv i,j•
/A

c r Sz (Au,") =

*n+ l

a

A~

n\ •) +
+ AAu-kj-'

n.
“ ‘-j

(5.43)

and then m ove forw ard in time in the z-term
1
/ a *n+l
a n.
1 Cr 2 / a *n+l
a a.
_ cr 8r (A u y
+ A uitj) + - - 8 r (A u y
+ A uitj) +

1
2

*2
n+1
c r 8 z (A u i,j +

. n , (A u iJ +1 - A u i j )
A u i,j) = --------------

...
(S -4 4 )

The solution o f these equations (locally second-order correct in space and tim e

and

unconditionally stable) is obtained by the Thom as algorithm and is incorporated in
program PIEZ (Gupta, 1983). A series o f trial com puter runs indicated that taking
the drainage boundaries (zero excess pore pressure) at a radial distance o f 20 r0 and
the upper drainage boundary at 25 r0 above the cone base and the low er drainage
boundary at 30 r0 below the cone base sim ulated infinite boundaries for the
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maximum dissipation tim e considered (3000 sec.). H ow ever, the analysis was per
formed for the actual dim ensions o f the calibration cham ber with the final location
o f the cone tip at the dissipation levels (depth) corresponding to the experiment.
The finite difference m esh used for the analysis is shown in Figure 5.16.
As m entioned earlier, for an accurate consolidation analysis, a knowledge of
the exact spatial pore pressure distribution is essential. Pore pressures at different
locations on the piezocone penetrom eter can be m onitored with sufficient accuracy.
However, the in situ determ ination o f the spatial pore pressure distribution is very
difficult and can be affected by the interaction betw een the soil and the m easuring
instrument. The uncertainties in the alignm ent o f the m easuring device can give
inaccurate radial coordinates o f the points at which the pore pressures are
monitored.
In the calibration cham ber tests conducted, the spatial pore pressure
distribution was m easured by pore pressure access ducts extending through the
aluminum base plate into the specimen. They were installed at two different
elevations and at various radial distances from the axis o f penetration (Figure 5.17,
Table 5.8).
Comparisons o f the predicted dissipation with the dissipation curves
monitored at the cone base for the four specim ens are shown in Figures 5.18a
through 5.18d. Com parisons with the spatial pore pressure dissipation curves for
the four specimens are shown in Figures 5.19a through 5.19j. The spatial pore
pressure dissipation curves (at different radial distances from the axis o f
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Figure 5.17 Locations o f pore pressure access ducts in the chamber specimen.
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Table 5.8 Locations o f pore pressure access ducts in the chamber specimens*.

Normalized Radial Distance from the Center o f Specimen (r/r0)
Specimen
No.

Depth
(mm)

hj = 570

Level 2

Level 1
ui

u3

u5

u7

6.50

10.00

11.00

14.00

u2

u4

u6

u8

7.00

11.00

13.00

16.00

5.50

6.00

8.00

10.00

9.00

11.50

13.25

16.00

8.75

9.75

15.50

17.00

1
h2 = 390
hj = 570

4.75

5.00

7.00

9.50

2
h2 = 390
h! = 600

7.75

8.25

9.25

12.00

3
h2 = 420
hj = 600

8.00

9.00

15.00

16.00

4
h2 = 420
*see Figure 5.17
r = radial distance
r0 = radius o f the piezocone = 5.64 mm

00
to
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Figure S. 18a M easured and predicted dissipation profiles at
the cone base for PC PT1.
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Figure 5.18b M easured and predicted dissipation profiles at
the cone base for PCPT3.
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Figure 5.18c M easured and predicted dissipation profiles at
the cone base for PCPT5.
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Figure 5.18d M easured and predicted dissipation profiles at
the cone base fo r PCPT7.
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Figure 5.19a Spatial pore pressure dissipation at level 2 in
specim en 1 for the dissipation test in level 2.
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Figure 5.19b Spatial pore pressure dissipation at level 1 in
specimen 1 fo r the dissipation test in level 2.
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Figure 5.19c Spatial pore pressure dissipation at level 1 in
specim en 1 for the dissipation test in level 1.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

190

0.40

EXPERIMENTAL
PREDICTED

: QOQQD u2 r / r 0=
u4 r / r 0=
: a a a a a u6 r / r 0=

7. 0
11. 0
13. 0

;(See Fig. 5 .1 7 , Table 5 .8 )
0.3 0

Normalized

excess

pore

pressure

( A u / a 'v)

0.50

0.2 0

0.1 0

0.00

1000

10000

Time (sec.)'

Figure 5.19d Spatial pore pressure dissipation at level 2 in
specim en 1 for the dissipation test in level 1.
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Figure 5.19e Spatial pore pressure dissipation at level 1 in
specimen 2 for the dissipation test in level 1.
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Figure 5.19f Spatial pore pressure dissipation at level 2 in
specim en 2 for the dissipation test in level 1.
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Figure 5.19g Spatial pore pressure dissipation at level 1 in
specimen 3 for the dissipation test in level 1.
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Figure 5.19h Spatial pore pressure dissipation at level 2 in
specim en 3 for the dissipation test in level 1.
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Figure 5.19i Spatial pore pressure dissipation at level 1 in
specimen 4 for the dissipation test in level 1.
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Figure 5.19j Spatial pore pressure dissipation at level 2 in
specimen 4 for the dissipation test in level 1.
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penetration) obtained in the present study showed an initial increase in the pore
pressure values followed by a decrease (dissipation) at greater tim e. The pore
pressure ducts located closer to the piezocone reached a peak earlier com pared to
those m onitored away from the piezocone. In fact, som e o f the pore pressures
monitored by ducts located far away from the piezocone were increasing even at
3000 seconds. These observations clearly indicate that dissipation occurs prim arily
in the radial direction. In specimen 1, two dissipation tests were perform ed during
PCPT2. Figure 5.19a shows the spatial pore pressure dissipation results at level 1
(at a depth o f 570 mm) for the dissipation test perform ed at level 2 (depth o f
390 mm). The pore pressures predicted by the theory underestim ates all the
m easured values. This could probably m ean that the pore pressures below the tip
extends to a distance greater than that predicted by spherical cavity expansion and
in fact, the pore pressure distribution around the cone tip m ay not even be spherical
in shape.

S.4.4.3

L im itations
It can be seen that the dissipation curves predicted at the cone base m atch

very well (Figures 5.18a through 5.18d) with those obtained during the dissipation
tests conducted in the four specimens. H ow ever, the predicted spatial pore pressure
dissipation curves (around the piezocone) do not show an accurate m atch with those
of the experiment. The comparisons between the predicted and the m easured
spatial pore pressure dissipation curves are, however, fairly good considering the
limitations and the m any simplifying assum ptions in the m odified cavity expansion
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approach. The tip geometry which has a significant influence on the pore pressure
gradient around the tip cannot be m odeled by a sim ple m ethod based on a spherical
cavity expansion theory. The m ethod is applicable only for norm ally consolidated
clays and probably also for lightly overconsolidated clays (OCR < 5). In heavily
overconsolidated stiff clays, very high pore pressure gradients (in som e cases
negative pore pressures have been observed above the cone base) develop around
the cone tip. The above m ethod cannot be applied for such soils because it is
incapable o f predicting such pore pressure gradients. It does, how ever, predict a
pore pressure gradient along the length o f the penetrom eter due to the dissipation
effect during penetration. In addition to the above lim itations, the m odel does not
take into account the following im portant factors—geometric nonlinearity due to
finite strain rates in the soil during penetration, stress and fabric anisotropy,
rem olded zone o f soil around the penetrom eter, coupling between the total stresses
and pore pressures, inertia and creep effects.

5A A A

Significance of Excess Pore Pressure Dissipation
During Piezocone (or Pile) Penetration
Roy, et al. (1981) recorded the spatial pore pressure distribution during the

installation o f piles in St. Alban clay (Figure 5.20a). The pore pressure distribution
were recorded using piezometers installed at various radial distances around the pile
penetration path and at different depths in the soil. The excess pore pressure due to
the installation o f the piezom eter was allow ed to dissipate prior to pile installation.
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Figure 5.20a Spatial pore pressure distribution during pile
installation (Roy, et al., 1981).
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The pile was jacked into the soil at a slow rate o f 1 cm /m in com pared to the
rate o f 2 cm/sec (120 times faster) used during the PCPT. Clearly, the effect of
dissipation on the spatial pore pressure distribution will be greater at low er
penetration rates (especially for locations higher above the cone tip). In the field
tests perform ed by Roy, et al. (1981), the pile was jacked to a depth o f 7.6 m and
the radial pore pressure distribution (Figure 5.20b) was m easured at a depth o f
4.9 m. A t a penetration rate o f 1 cm /m in, this w ould correspond to a tim e lag o f
4.5 hours. Even after taking into account the different diam eters o f the pile
(22 cm) and the piezocone (1.128 cm ), a significant dissipation and spatial pore
pressure redistribution is bound to take place in the field (pile installation) during
the time lag o f 4.5 hours (as seen from Figure 5.21a and 5.21b). The effect o f such
a redistribution will be a reduction in the pore pressure values closer to the shaft
and an increase in the values at larger radial distances. The spatial extent o f the
pore pressure distribution will also increase during dissipation due to the pore
pressure gradient. Such a pore pressure distribution will have a low er gradient
(flatter slope) sim ilar to that predicted by a cylindrical cavity expansion theory. If
these pore pressures are taken as the initial value during a dissipation analysis, it is
obvious that the pore pressure increase at different radial distances will be
underestim ated (Figure 5.21a). Roy, et al. (1981) attributes the low er value o f the
pore pressure m easured at the shaft and the higher values o f the pore pressures at
larger radial distances, to the variable degree o f destructuration o f the sensitive
St. Alban clay. This no doubt could have an effect, but the fact that the dissipation
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Figure 5.20b Radial distribution o f the norm alized excess
pore pressures (Roy, et al., 1981).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

202

IO »

— CJ

o> 0|
n t

Figure 5.21a

n

Pore pressure dissipation results around the pile (Roy, et al., 1981).

(O

odtt'txiKMd *Jod m o m

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

OdVtinsi»Jd «od ( tts x t'n y

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 5.21b

Variations of the spatial excess pore pressure distributions with time (Roy, et al., 1981).

203

204

phenomena described earlier could also produce a sim ilar effect has been neglected.
However, Roy, et al. (1982) have correctly stated that t50 values obtained at
different distances along the pile shaft cannot be com parable to those m easured
close to or at the tip o f a piezocone due to the tim e lag introduced by using the
time corresponding to the end o f penetration. They have m entioned that pre
cautions should be taken while interpreting the piezocone results relative to the time
of consolidation associated with piles.
The effect o f the spatial pore pressure redistribution due to the excess pore
pressure dissipation that occurs during piezocone advance becom es im portant
especially when interpreting the pore pressure data recorded by filter elem ents
located on the shaft. The higher the location o f the filter elem ents above the cone
base and slower the rate o f penetration, the greater is the influence due to this
effect. To illustrate this, analysis was perform ed in specim en 1 at penetration rates
of 2 cm/s and 0.2 cm/s, and allowing excess pore pressure dissipation during piezo
cone advance. Penetration was carried to a depth o f 570 m m (level 1) in a single
stroke. The results o f the analysis are show n in Figure 5.22a and 5.22b. Tim e t =
0 seconds corresponds to the instant the tip o f the piezocone reaches level 1 (i.e,
penetration ceases). Figure 5.22a shows the radial pore pressure distribution at a
depth of 390 mm (level 2). The time taken for the tip to travel 180 mm (from
level 2 to level 1) is 9 seconds at a penetration o f 2 cm /sec. and 90 seconds at a
penetration rate of 0.2 cm/sec. The initial, radial pore pressure distribution at
level 2 at time t = 0 seconds (neglecting the elapsed tim e) for two different
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Figure 5.22a Radial pore pressure distribution at level 2 in
specim en 1 for the piezocone tip at level 1.
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Figure 5.22b Radial pore pressure distribution at level 1 in
specim en 1 for the piezocone tip at level 1.
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penetration rates is shown in Figure 5.22a (by the solid lines). The significance o f
the above discussion is now apparent. If the piezocone had a filter elem ent located
on the shaft at a distance o f 180 mm above the cone base, based on this analysis, it
would have recorded norm alized excess pore pressure (Au/tr'v) values o f 2.77 and
1.87 at penetration rates o f 2 cm /sec. and 0.2 cm/sec., respectively. This difference
in pore pressures would be due to the effect o f dissipation alone. It can be seen
that for a filter element located ju st above the cone base, this effect w ould be very
small (Figure 5.22b). It can be seen that during the excess pore pressure dissipa
tion after the penetration has ceased, the difference in the spatial pore pressure
distribution (for different penetration rates) begin to diminish and converge (shown
for t = 300 seconds after the penetration stopped in Figures 5.22a and 5.22b).
Special mention needs to be m ade regarding the soil disturbance caused by
the installation o f the probes (or ducts) used for m onitoring the spatial pore
pressure distribution and also about the interaction between the soil and the probes
(or ducts) during pile (or piezocone) penetration. In field tests conducted by Roy,
et al. (1981), pore pressure cells were fixed on rigid rods and pushed into the
ground (undrained conditions) 2 to 3 weeks prior to pile jacking to allow the
driving pore pressures to dissipate before the pile test. This could have caused soil
disturbance (in addition to consolidation) around the m easuring probe. In the
calibration chamber tests perform ed in the present study, pore pressure access ducts
were installed prior to slurry consolidation (which took more than 4 weeks).
Hence, the installation process o f the ducts were at a very slow rate (drained
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conditions) and the soil disturbance around the ducts is believed to be m inim al. As
to the interaction betw een the soil and the m easuring probes during penetration, it
can be seen (Figure 5.20a) that negative pore pressures were observed in the tests
conducted by Roy, et al. This has been attributed to the possible interaction
between the soil and the probes (rods). No such effects were seen in the present
studies, probably due to m inimal interaction betw een the soil and the pore pressure
ducts as they extended up into the soil from the bottom base plate.
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Chapter 6

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
FOR FUTURE RESEARCH

6.1

Summary
In this research, two autom ated slurry consolidom eters were designed and

fabricated to prepare large instrum ented cohesive soil specimens for calibration
cham ber testing. This involved the design of a new loading technique for applying
the vertical stress during slurry consolidation. The soil specimens were instru
mented to m onitor the spatial pore pressure distribution during slurry consolidation
and subsequent cone penetration and dissipation tests inside the calibration
chamber. The existing calibration cham ber and data acquisition/control system was
m odified to adapt it for the testing o f cohesive soil specim ens under backpressure.
The time consuming and laborious process involved in preparing large size,
instrumented cohesive soil specim ens, lim ited the num ber o f tests that w ere
conducted. Four cohesive soil specimens were prepared using two different soil
mixtures (plasticity index). E ight m iniature piezocone penetration tests and three
miniature quasi-static cone penetration tests were perform ed. The influence o f soil
type, stress history, penetration boundary conditions, and filter locations on PC PT
data were studied.
The chamber PCPT data was evaluated using some o f the existing interpre
tation m odels. The undrained shear strength, influence o f lateral stress and overconsolidation ratio on the penetration pore pressures, and the coefficient o f
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consolidation were investigated. Limitations o f the current interpretation models
and the need to incorporate factors not included in the previous m odels were
identified. Negative pore pressures were recorded during piezocone extraction from
the soil specimen. This data, which is not usually recorded in routine field PCPT,
could be used to explain borehole closure (collapse) phenomena and could be of
significance in relation to concerns involving environm ental aspects related to insitu testing. Areas requiring further research in testing (laboratory as well as insitu) and in the analytical m odels were identified which will help resolve the
com plexities involved in piezocone penetration testing.

6.2

Conclusions
A brief summary o f the conclusions is given below:
(1)

The two stage slurry consolidation technique can be successfully
used to prepare large size cohesive soil specimens o f known stress
histories fo r calibration cham ber testing. The specim ens prepared
were reproducible and hom ogeneous as was indicated by the settle
ment and pore pressure dissipation histories and by the water content
results obtained from samples taken from the cham ber specimens.
The hom ogeneity o f the specim ens was additionally confirm ed by the
cone penetration results (qT, Au profiles) in each specim en.

(2)

An increase in the tip resistance (qT), sleeve friction (fs), and friction
ratio (Rj) w ere recorded when penetration was resum ed after a dissi-
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pation test. This is due to strength hardening o f the soil around the
cone as a result o f consolidation.
(3)

The penetration depth required to attain a steady excess pore pressure
(i.e., to reach a plateau) especially for the filter located at the tip o f
the cone w as influenced by the stress history and the lateral stress
coefficient (K0). The penetration depth required fo r the overconsoli
dated specim en 3 (K-50) w as relatively sm aller com pared to that for
the norm ally consolidated specim en 1 (K-50). F o r norm ally consoli
dated specim ens (specimens 1 and 4; K-50), the penetration depth
required was sm aller for the higher K0 value (in specim en 1).

(4)

The tip resistance values m easured during the Q C PT were consis
tently low er than the values obtained from the PC PT, indicating the
possible effects o f the reduced diam eter o f the push rod (QCPT),
scale effects, and/or soil disturbance due to the proxim ity o f the
QCPT from the PCPT locations.

(5)

In layered deposits, the friction ratio can give useful information
regarding the smoothness o f transition between layers.

(6)

A sudden drop in the excess pore pressure was observed, especially
at the tip, due to the norm al stress reduction as soon as the penetra
tion ceased. A variety o f factors such as the soil type, over
consolidation ratio, lateral stress coefficient (K0), and hydraulic
conductivity are believed to influence the drop in the excess pore
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pressures. Pore pressure redistribution around the tip w hich m ight
conceivably be faster for a m iniature piezocone can also contribute to
this effect. H ence, the interpretation o f the dissipation results for the
radial coefficient o f consolidation (cr) should be based on the initial
dissipation values o f the excess pore pressure and not the penetration
pore pressures.
(7)

The empirical cone factor values (NkT) in the isotropically consoli
dated specim ens were higher than m ost o f the theoretical Nc values.
The NkT values for the isotropically consolidated specim ens were
higher than those for the anisotropically (K0) consolidated specim en,
signifying the im portance o f the horizontal stress. The NkT value for
isotropically consolidated specimen 1 (K-50 specimen) w as higher
than that for isotropically consolidated specim en 2 (K-33 specim en)
indicating the influence of soil type (plasticity index) on N kT.

(8)

The empirical pore pressure factors (NAu) in the isotropically con
solidated specim ens were higher than those predicted by the m ethod
proposed by M assarsch and Broms (1981). The NAu values for the
isotropically consolidated specimens w ere also found to be higher
than those for the anisotropically (K0) consolidated specim en,
signifying the im portance o f the horizontal stress. The NAu values in
specimen 1 (K -50 specimen) were higher than those in specim en 2
(K-33 specim en) indicating the influence o f soil type (plasticity

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

213

index) on NAu. The NAu values show ed a trend sim ilar to the NkT
values.
(9)

T he norm alized pore pressure param eter (PPSV) m ethod proposed by
Sully and Cam panella (1991) is prom ising for the in-situ profiling of
the lateral stress coefficient (K0) as verified by the cham ber PC PT
results.

(10)

T h e methods based on critical-state soil mechanics and cavity expan
sion theories proposed by M ayne and Bachus (1988) and M ayne
(1991, 1992) gave good predictions o f overconsolidation ratio (OCR)
fo r the cham ber specimens. T he em pirical pore pressure difference
(PPD ) m ethod proposed by Sully, et al. (1988) gives good
predictions o f in-situ OCR if correction is made during interpretation,
fo r the hydrostatic pressure (u0) to correspond to the phreatic level
close to the ground surface. T he m ethod proposed in this research
fo r estim ating in-situ OCR takes into account the pore pressure
gradient around the tip in overconsolidated clays and is show n to
give good predictions o f OCR.

(11)

T he spherical cavity expansion m odel proposed by Torstensson
(1975, 1977) predicted a m uch faster pore pressure dissipation than
that observed in the experim ents. The pore pressures generated
above the spherical cavity during piezocone penetration w ere
neglected because o f the one-dim ensional nature o f the m odel
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resulting in fast pore pressure dissipation. T he cylindrical cavity
expansion m odel predicted low values o f pore pressures on the cone
and a larger spatial extent o f the pore pressure distribution around the
piezocone, contradicting that observed during the cham ber PCPT.
(12)

T he strain path m ethod proposed by Levadoux and Baligh (1986)
does not indicate significant differences betw een the dissipation rates
at the tip and at the cone base, probably due to insufficient m odeling
o f the tip geometry. The m ethod proposed by Houlsby and Teh
(1988) overestim ated the difference betw een the tim e factors for
dissipation at the tip and that at the cone base. The cham ber PCPT
results o f this study showed that the difference between the time
factors for different filter locations at any particular dissipation level
is influenced by the stress history and cannot be a constant.

(13)

D eterm ination o f the initial excess pore pressure distribution for a
dissipation analysis should take into account the dissipation which
occurs even during piezocone penetration. The rate o f penetration
and the pore pressure dissipation that occurs even during penetration
is found to influence the magnitude o f the excess pore pressure
recorded on the piezocone shaft. The m ethod proposed by G upta and
D avidson (1986), sim ulating the piezocone penetration process as
successive spherical cavity expansions and taking into account the
dissipation effect gave very good agreem ent with the dissipation
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results at the cone base. The predicted spatial pore pressure
distribution during the dissipation phase showed only a qualitative
agreem ent with the experim ental results due to the lim itations and
sim plifying assum ptions in the method.
(14)

T he slow (drained) installation procedure o f the pore pressure access
ducts extending into the soil from the bottom o f the base plate was
show n to create less soil disturbance and soil-probe interaction
(indicated by the absence o f negative pore pressures) than the fast
(undrained) installation o f pore pressure probes in the field extending
dow n into the soil from the ground surface.

(15)

V ery high negative pore pressures are created during piezocone
extraction that assist the stresses in the surrounding soil in the hole
closure process. It is anticipated that the m easurem ents o f extraction
pore pressures com bined with dissipation tests and subsequent PCPT
perform ed at the same location could give useful inform ation for the
analysis o f borehole closure phenomena.

6.3 Recommendations for Future Research
The outcom e o f this research has shed some light in the laboratory calibra
tion o f piezocone penetrom eters in cohesive soils and in the analytical interpretation
of PCPT data. It has also identified new areas which require further research and
has left some o f the problem s unanswered. The following recom m endations are
made for future research:
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(1)

A com prehensive experim ental investigation to expand the lim ited
data base o f cham ber piezocone penetration tests in cohesive soils is
recom mended. It is suggested that tests be perform ed on different
soil types at various boundary conditions and stress levels to study
the influence o f plasticity index, stiffness and void ratio, com pres
sibility, stress ratio (K0), overconsolidation ratio, and boundary
conditions during penetration and consolidation.

(2)

It is recom m ended to study the pore pressure response tim e for filters
located at the tip and the factors (soil type, lateral stress, stress
history) that influence the penetration depth required for it to attain a
steady pore pressure value. The above possible influencing factors
have been suggested assum ing the soil and the piezocone are fully
saturated.

(3)

It will be o f great interest to theoretically and experim entally isolate
(decouple) shear induced pore pressures in the soil around the pene
trom eter shaft from that due to norm al stress. This m ay be achieved
by stage testing in tall calibration cham bers w ith pore pressures
m onitored at different elevations and at various radial distances.
However, when penetration is resum ed after full dissipation in such a
test, the fact that the stress state in the soil around the shaft has been
altered and the soil is rem olded has to be taken into consideration.
Also, the vertical (upward) dissipation o f the excess pore pressures
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generated around the tip (as observed in this research) when
penetration is resum ed after the com plete dissipation at a particular
level has to be taken into account.
(4)

PC PT ’s using different piezocone sizes need to be conducted to study
the possible scale effects and also the cham ber size effects (boundary
effects). It is essential to use piezocones o f larger base area
(> 10 cm2) in cham ber testing in order to accurately capture the
initial excess pore pressure distribution. The sm aller the cone size,
the greater is the practical difficulty in installing m easuring
instruments (which o f course have to be reduced in scale also) close
to the cone. Using piezocones o f larger base area will require testing
in calibration cham bers o f larger diam eters to reduce boundary
effects. PC PT ’s need to be conducted at different penetration rates
to study the inertia (viscous) effects, and also to study the effect of
pore pressure dissipation that takes place even during the advance o f
the piezocone on the initial pore pressure distribution.

(5)

It is essential to prepare soil specim ens, instrum ented not only to
m onitor pore pressures, but also to m onitor stress changes using total
stress cells (TSC) and soil displacem ents using lead shots or fibers
and x-ray techniques. The influence o f soil fabric on piezocone data
should also be studied using scanning electron m icroscopy (SEM ) on
soil samples taken from around the cone penetrom eter.
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(6)

Com parisons o f soil engineering param eters evaluated from labora
tory pressurem eter tests, dilatom eter tests, piezocone shear tests, etc.,
conducted on identical soil specimens should be m ade to study the
different m echanism s w hich control their behavior.

(7)

Future interpretation m ethods should include the dissipation effect
during piezocone penetration to determ ine the initial excess pore
pressure distribution fo r a dissipation analysis.

(8)

M ore rigorous analytical soil m odels utilizing the theory o f m ixtures
and the Cosserat continuum that are capable o f including the effects
o f m icrofabric and rotation o f principal stresses on soil engineering
param eters should be developed and incorporated into an updated
Lagrangian finite strain form ulation to study the com plex phenom ena
around a penetrating cone. This should be com plem ented with
im proved num erical techniques that sim ulate properly the continuous
nature o f the piezocone penetration process.
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DATA A C Q U IS IT IO N /C O N T R O L P R O G R A M
(disk attached in the back pocket)
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D A TA A C Q U IS IT IO N /C O N T R O L P R O G R A M

The data acquisition software is written in Turbo Pascal version 4 .0
environm ent. The softw are consists o f the following com puter programs:
SLURRY.PAS
ISOCON.PAS
KOCON.PAS
PCPTBC1.PAS
PCPTBC3.PAS
The software acquires and appends d a ta (pore pressures, consolidation stress and
settlem ent) into a file and also displays the data on a com puter screen in graphic
form plotted in real tim e. The program s prompt the operator for the input file
nam e for data storage. SLURRY.PAS has been developed for data acquisition
during the slurry consolidation phase. Programs ISOCON .PAS and KOCON.PAS
have been developed for data acquisition/control during the reconsolidation o f the
specim ens in the calibration chamber. ISOCON.PAS perm its isotropic consolida
tion o f the chamber specimens. C hoice is available fo r either computer control of
the vertical and horizontal stresses v ia electro-pneum atic transducers F2 and F4
(Figure 3.7) or for m anual control via air pressure regulators F I and F3 (the
electro-pneumatic transducers F I and F 3 in the original design were replaced by
m echanical air pressure regulators). D uring isotropic consolidation o f soft cohesive
soil, specimen regulators F3 and F4 are closed (since the air-water system for con
trolling the horizontal stress may have to be refilled frequently) and the valve B20
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is kept open. Program KOCON.PAS permits anisotropic consolidation o f the
specimens under conditions o f zero lateral strain. Once again, choice is available
for either com puter controlled operation by m aintaining the pressure in the outer
cell and inner cell equal v ia the electro-pneum atic transducer F4 during each
increment of the vertical stress or fo r manual control (using results from K0 triaxial
tests) using air pressure regulators F I and F3. Programs PCPTBC1.PAS and
PCPTBC3.PAS are used during the penetration phase. PCPTBC1 allow piezocone
penetration tests to be perform ed under conditions o f constant vertical stress and
constant lateral stress (BC1), and PCPTBC3 allow PCPTs to be perform ed under
conditions of constant vertical stress and zero lateral strain (BC3). Both (PCPTBC1
and PCPTBC3) programs have been developed to permit stage testing. Penetration
can be perform ed to a certain depth during which data is recorded and also dis
played on the computer screen (Figure A .la). Pressing the F I key on the keyboard
saves the screen o f the penetration phase and displays the screen for the dissipation
phase (Figure A .lb). A fter excess pore pressure dissipation, pressing any key on
the keyboard clears the screen of the dissipation phase and displays the previous
screen for the penetration phase. T his feature allows dissipation tests to be
performed at several depths in the soil specimens.
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Figure A. 1 D ata acquisition system (a) during penetration phase,
(b) during dissipation phase.
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